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Abstract 

Soil salinity is predicted to become more severe and widespread adding more 

challenges for sustainable crops production worldwide. Salinity stress tolerance is a 

complex trait, both physiologically and genetically, and halophytes represent a rich resource 

for understanding different strategies used by plants to cope with saline condition. While 

many previous studies explored various physiological and genetic aspects of salinity 

tolerance in halophytes, most of them were focused on annual species. However, this 

knowledge is hardly applicable to perennial crops that need to maintain capability of growth 

and development for many successive seasons and, therefore, cannot rely on the strategy 

associated with salt exclusion from uptake. Succulence is one of that important strategies 

by which perennial halophytes conserve water and dilute immense salt concentration in their 

susceptible tissues. Succulent halophytes can be used as convenient models for 

understanding the mechanistic basis of plant adaptation to salt stress. This understanding is 

important for improving water use efficiency (WUE) in crop plants that undergo a salt-

induced physiological drought under saline condition. How a perennial succulent halophyte 

then will manage this issue, morphologically, anatomically, and physiologically?  

 The major aim of this study was understanding the mechanistic basis of long-term 

salt tolerance strategy employed by the succulent perennial halophyte, Sarcocornia 

quinqueflora.  The following specific objectives were addressed:  

• To quantify the relative contribution of organic and inorganic osmolytes towards

osmotic adjustment and turgor-induced growth in succulent shoots.

• To link osmotic adjustment and stomatal characteristics with salinity stress tolerance

and water use efficiency (WUE) of succulent stems.

• To dissect specific morphological and anatomical features of succulent shoots and

investigate their potential contribution toward their salt tolerance strategy.

• To investigate the causal relationship between salinity and oxidative stress tolerance

in succulent stems of this perennial halophyte.

• To understand the role of ROS signalling in regulating activity of membrane

transporters mediating ion homeostasis in this plant.

The whole-plant responses of S. quinqueflora to soil salinity was investigated using

a broad range of salinity (0 – 1000 mM NaCl). S. quinqueflora showed the typical growth 
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response of a succulent halophyte, with maximum growth obtained at 200 mM NaCl, while 

growth was reduced at concentrations exceeding 600 mM NaCl. Elevated salinity levels up 

to 400 mM NaCl largely promoted dry matter yield, succulence, shoot surface area and 

stomatal characteristics. The osmolality of shoot sap increased as salinity increased from 0 

to 1000 mM NaCl. Osmotic adjustment in succulent shoot was achieved, even at the highest 

salinity levels, by a massive accumulation of inorganic ions, with Na+ and Cl- contributing 

85 % of its osmolality, while organic compatible solutes and K+ were responsible for only 

15%. These facts suggest that cell expansion growth in this species is relying heavily upon 

the coordination between the cell vacuolar sequestration capacity (VSC) of Na+ and Cl- and 

the extent of the cell wall extensibility (CWE). The maximum VSC of Na+ and Cl- is 

required to keep the cytosol toxic-free and to lower the cell osmotic potential which in turn 

elevates turgor pressure (hence, succulence). Carbohydrates were not reduced at high 

salinity compared to plants at optimal conditions, implying that growth retardation at severe 

salt dosages was attributed to limitations in VSC rather than inadequate photosynthesis and 

substrate limitation. 

 The control of stomatal operation seems to be critical for S. quinqueflora 

performance under saline conditions. The fact that transpiration rate was maintained 

unchanged over the very broad (200 to 1000 mM NaCl) range of salinities, despite the large 

difference in stomatal density and aperture size, suggest superior plant’s ability to optimize 

WUE and balance water loss with CO2 assimilation. Importantly, shoot K+ was unchanged 

across the entire range of salinity treatments (200 – 1000 mM NaCl) and positively 

correlated with transpiration rate (R=0.98), indicative of the likely role of K+ in controlling 

stomatal transpiration. Therefore, the superior salt tolerance of succulent shoots is achieved 

by effective reliance on Na+ and Cl- accumulation for osmoregulation and turgor-induced 

growth and maintaining K+ threshold levels for efficient stomatal operation.  

 The leafy stems of S. quinqueflora shoot are composed of assimilating oblong 

internodes (beads), representing the main photosynthetic organ. Anatomically, the plant 

develops two distinct layers: an endodermis-like layer (ED), and an additional internal 

photosynthetic layer (IP). We followed the morpho-anatomical changes in S. quinqueflora 

leafy stem under varied salt levels in beads of different ages to assess this biological barrier 

(ED) from non-senescent to senescent stages. Our findings revealed that S. quinqueflora 

utilizes senescence process to discard excess salt being accumulated in outer tissues of their 
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leafy stems (salt shedding). The development of ED and IP appears to be important to enable 

this process and determines the whole salt-coping strategy for the plant. Elevated salinity 

leads to an accelerated development of the ED. In addition, its development strongly 

affected ion distribution between outer (senescent) and inner (non-senescent) tissues. A 

positive correlation between the ratio of ED to a bead diameter and the outer to inner 

concentration of Na+ was observed. These ratios were highest in older (basipetally-located) 

beads and progressively decreased towards the tip. The Na+/K+ ratio was substantially 

higher in outer region compared to the inner one. In addition, different leafy stem regions 

had showed that a ratio for any given NaCl concentration was the lowest for the top stem 

region with maximum impact being observed in the bottom stem region. High K+ content 

in the tip of the leafy stem also drives the expansion growth of the plant. Accordingly, the 

top leafy stem region kept Na+/K+ ratio at the constant level regardless of external salt 

concentration. This correlates with the plant’s ability to grow/survival even at the highest 

(1000 mM) NaCl concentration tested. Furthermore, the Na+/K+ ratio in inner tissues of 

bottom beads at highest salinity treatments (800 and 1000 mM NaCl) that showed clear 

senescence symptoms was 1.0, indicative of complete separation of the outer and inner 

tissues at late developmental stage due to the presence of the fully suberized endodermis 

multilayer (ED).  

 Accordingly, a model was suggested for bead tolerance strategy at early, middle, 

and late stages under saline conditions involving a suggested role for the internal 

photosynthetic layer (IP). Two main features are envisaged. The first one is an accelerated 

development of a biological barrier (ED) which, in its earlier developmental stage, control 

water and solute movements to the water storage tissue (WS) and determine Na+/K+ ratio in 

both senescing and non-senescing tissues. At a later stage, this tissue becomes multilayered 

and highly suberized, thus protecting the internal tissues for many successive seasons. The 

second feature is a difference in the energy supply (source) for the outer and the inner 

tissues. The outer layer (palisade tissue) will fuel the water storage cells to mediate Na+ and 

Cl- sequestration in their vacuoles while the internal photosynthetic layer operates as an 

energy provider for young beads and roots.  

 The ability of S. quinqueflora to extend growth for many successive seasons under 

saline condition also implies an efficient and well-regulated ROS-scavenging and signalling 

systems at both organ and tissue levels. The causal relationship between activity of key 
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membrane transporters involved in maintaining plant ionic homeostasis and oxidative stress 

tolerance in succulent stems was investigated. S. quinqueflora possess a well-developed 

antioxidant system, including betalains, ascorbic acid, α-tocopherol, polyphenols, and 

flavonoids. The optimal growth level (200 mM NaCl) had the lowest antioxidants 

concentrations, indicating its capability to maintain favorable ROS levels at moderate 

salinity. Moreover, both sugars and ROS were positively correlated suggesting that 

growth/biomass reduction at these conditions probably mediated by re-allocation of the 

energy pool towards sugar production to operate as non-enzymatic antioxidant scavengers. 

Also, a negative correlation was recorded between plant biomass and antioxidant activity, 

implying that the latter should be treated as a damage control mechanism rather than a trait 

that confers salinity tolerance.  

 In addition, ROS-induced net K+ and Ca2+ fluxes were measured from various bead 

tissues being located either in outer (palisade tissue, Pa; and water storage tissue, WS), or 

inner leafy stem part (internal photosynthetic layer, IP; and stele (vascular cylinder) 

parenchyma, SP) in addition to the in-between barrier (ED). Two types of ROS were used 

to induce ion fluxes, hydroxyl radical (OH•) and hydrogen peroxide (H2O2). The flux 

responses to oxidative stresses were governed largely by (1) the type of ROS applied (OH• 

or H2O2); (2) the tissue-specific origin and function (parenchymatic or chlorenchymatic); 

and (3) the tissue location in either outer (senescent) or inner (non-senescent) bead part. 

ROS-induced K+ effluxes that were highly tissue-specific, with inner tissues of the plant 

beads being more sensitive to ROS applied, as compared to the plant outer parts. The 

magnitude of ion flux response to OH• was higher compared to response to H2O2. The ability 

to retain cellular K+ under OH• stress varied between different bead tissues and was ranked 

in the following descending order: WS > Pa > IP > SP. Hydroxyl radicals (OH•) always led 

to Ca2+ influx with all bead tissues, while treatment with H2O2 induced opposite Ca2+ flux 

responses: the Ca2+ influx was recorded only from the photosynthetically active tissues (Pa 

and IP), while the parenchyma tissues (WS and SP) had transient Ca2+ efflux.  These results 

indicate high tissue-specific ability of S. quinqueflora to maintain their ion homeostasis 

upon exposure to ROS; a feature that is mainly determined by the developed suberized 

barrier (ED). 

 In conclusion, the salt tolerance strategy of perennial S. quinqueflora halophyte 

relies on a set of morphological, anatomical, and physiological traits, enabling the ability to 



Preliminaries 

HASSAN AHMED xix 

extend growth for many successive seasons. This work emphasized the importance and a 

requirement to engage specific anatomical features in studying salinity tolerance 

mechanisms of halophytes, in addition to the traditional whole-plant phenotyping. To the 

best of our knowledge, none of the previous works provided a causal link between salinity-

stress tolerance and ROS activation of ion transporters mediating ionic homeostasis in S. 

quinqueflora succulent tissues. This gap in our knowledge was filled by the current study. 

The future work should be focused on comparing tissue-specificity of long-term salinity 

tolerance mechanisms in other perennial succulent and non-succulent halophytes. 
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Chapter 1 

General Introduction 

 Soil salinity is a crucial environmental constraint which limits crops production 

(Hossain and Dietz 2016), with an effect becomes more severe when concomitant to the 

growing shortage of fresh water resources worldwide (Ventura and Sagi 2013). The world 

population is projected to increase by 2 billion between now and 2050, rising from 7.7 

billion in 2019 to 9.7 billion in 2050, before peaking at 10.9 billion shortly after 2100 

(Leridon 2020; United Nations 2019). Therefore, the global food demand is expected to be 

increased by 50 % by that time (2050), whereas significant areas of the world’s arable land 

are affected by salinity in more than 100 countries (Hossain and Dietz 2016; Rengasamy 

2006). The quality of approximately 20% of the world’s cultivated area that accounts for 

over 6 % of the world total area is affected by salinization (Hossain and Dietz 2016; Rao et 

al. 2006; Zhu et al. 2016; Land 2002, 2008). Different estimates for spreading salted soils 

worldwide indicate that approximately 15–23% of the land areas, including the regions used 

by agriculture, are covered by salted soils (Rozentsvet et al. 2017). This is based on the fact 

that more than 400 million hectares of the irrigated land are affected by soil salinity, as a 

result of global climate changes and irrigation practices (Roy et al. 2014). Indeed, 

environmental stresses caused by climate change, such as drought, high salinity, and low 

and high temperatures are predicted to become more severe and widespread (Osakabe et al. 

2013; Anjum et al. 2016), adding more challenges to sustainable crop production.  

 In Australia, the issue became a real threat as two-thirds of agricultural land area 

have a potential for transient salinity (Munns and James 2003; Zhu et al. 2016). Australia 

has the widest distribution of salt-affected soils of the world drylands with 357.6 million 

hectares being affected, followed by Africa with 209.6 million hectares (Shahid et al. 2018). 

The dominance of sodium salts has an impact on nearly 30% of the land area in Australia 

(Rengasamy 2002). Estimates indicate that between 10% and 25% of current arable land in 

Australia could lose their production ability due to salinity, a limitation which may result in 

an overall cost exceeding $1 billion per year by 2100 (George et al. 2008). Thus, soil salinity 

poses a serious exacerbated threat to crop yield and future food production, and a creative 

solution to attain sustainable crop production is an instant demand (Ventura and Sagi 2013). 
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In that respect, plant responses and tolerance mechanisms to salt stress, especially NaCl, 

remains a major topic in plant research (Hossain and Dietz 2016; Munns and Tester 2008). 

 Salinity stress tolerance is a complex trait, both physiologically and genetically. 

Therefore, well-understanding the physiological mechanisms of salt stress tolerance must 

precede an accurate breeding for this trait (Percey 2014). Several attempts aimed to 

minimize and ameliorate the deleterious effect of salinity stress in plants. Farooq et al. 

(2009) reported that exogenous application of various organic and inorganic chemicals to 

plants led to amelioration under the salt stress in diverse plant species. In general, salt stress 

tolerance in plants can be improved by several means including genetic manipulations, seed 

pre-treatments and foliar sprays with agrochemicals (Flowers 2004; Sidana 2017). In this 

regard, the authors try to improve plant tolerance to salinity injury through either chemical 

treatments (plant hormones, minerals, amino acids, quaternary ammonium compounds, 

polyamines and vitamins) or biofertilizers treatments (asymbiotic nitrogen-fixing bacteria, 

symbiotic nitrogen-fixing bacteria and mycorrhiza) or through enhancement of a process 

used naturally by plants using genetic modification to amplify beneficial processes such as 

minimizing the movement of Na+ to the shoot (Hamdia and Shaddad 2010).  

 Two main regimes were suggested for relieving the effects of soil salinity. One of 

them is the remediation practices that can be employed on a large-scale to remove salt from 

the soil, however, this option is very expensive and not preferable. The other option is 

breeding crop plants with an ability to strive in these hostile conditions (Pannell and Ewing 

2006). The molecular and plant breeding approaches through engineering salt tolerance into 

crop plants is the most attractive and viable option to sustain food production in salt-affected 

environments (Ondrasek et al. 2011). Despite a wide range of biotechnologies being 

available for gene discovery and salinity resistant crop breeding (Roy et al. 2014), decades 

of research through conventional breeding programs and genetic engineering to date have 

not resulted in the creating of any truly salt tolerant crops (Flowers 2004; Shabala 2013). 

The main reason for that failure is most likely due to the fact that sodium and chloride ions 

do not have highly specific targets within plant cells (Zvanarou et al. 2020) and their toxicity 

is mediated by a long-term disturbance of the electric, osmotic, ionic and metabolic balances 

of the cells  (Negrão et al. 2017; Demidchik and Shabala 2018; Shabala et al. 2006; Shabala 

2013; Isayenkov and Maathuis 2019). This might complicate focusing on breeding and 
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ameliorative technologies aimed at improving agriculture on salinity-affected soils 

(Zvanarou et al. 2020).  

 Most of agricultural crops are salt sensitive glycophytes and different attempts to 

cultivate them under saline regimes were so far unsatisfactory (Flowers et al. 2010; Ventura 

and Sagi 2013). Therefore, many authors nowadays believe that the most relevant method 

for acquiring salt tolerant crops for the future and improving performance of our 

conventional crops under saline condition should begin with halophytes (Flowers 2004; 

Shabala 2013). An important approach in that respect is to reveal specific features in their 

adaptive mechanisms that made them settle down and thrive under saline condition. Besides, 

the domestication of inherently salt tolerant plant species with economic value represents 

the straightforward methodology of halophytes encountering salinity issue (Ventura and 

Sagi 2013).  

 Global agriculture is dominated by production of a small number of annual crops, 

whilst perennials do have only an important role in the case of fruit, nuts, and certain fiber 

plants and livestock fodders (Smaje 2015). To ensure food and ecosystem security, the 

interest in breeding new grain crops of perennial lifecycle arisen in the early twentieth 

century, but it has become widely acknowledged in the past few years (Batello et al. 2014; 

Glover et al. 2010b; Glover et al. 2010a). The agricultural practices associated with the 

cultivation of annual crops (such as tillage, fertilization, irrigation, and pesticide use) usually 

result in numerous environmental problems such as soil erosion, nutrient leaching and 

volatilization, eutrophication of watercourses, loss of soil carbon, salinization, pest 

resistance, and the overuse of water and energy (Gomiero et al. 2011; Smaje 2015). 

Evidences from agroforestry and interplanting of perennial shrubs with annual crop plants 

revealed the possible use of perennial-oriented agricultures in mitigating such problems and 

can lead, in general, to improved agricultural outcomes (Smith et al. 2013; Snapp et al. 

2010). Many comprehensive reviews have investigated the importance, potentials, 

challenges and prospects of developing perennial crops (Wayman et al. 2019; Kantar et al. 

2016; Cox et al. 2006; Glover et al. 2010b; Batello et al. 2014; Glover and Reganold 2010; 

Wade 2013; Zhang et al. 2011; Smaje 2015; Crews and Cattani 2018; Pimentel et al. 2012; 

Crews et al. 2018; Wagoner and Schaeffer 1990; Toensmeier 2017; DeHaan and Ismail 

2017; Cocks 2001; Cox et al. 2010; Cox et al. 2002; Bell et al. 2010; Larkin et al. 2014; 

Isgren et al. 2020; Glover et al. 2012; Ryan et al. 2018). Several annual crops have their 
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relative perennials (Table 1.1) (Cox et al. 2006), opening a great possibility for testing the 

growth and productivity of their perennials under stress conditions (such as salinity stress), 

hence, the replacement of sensitive annuals might be applicable. Moreover, prospective 

work may also proceed in a parallel route via exploring specific mechanisms of perennial 

plants/crops that show the ability to resist naturally a number of stresses. In this regard, 

perennial halophytes have demonstrated the ability to survive many successive seasons 

under high soil salinity comparable to the salt-tolerant annuals. 

Table 1.1: The world’s common grown grain crops and their perennial relatives (Cox et al. 

2006), based on data on global grain production are adapted from an FAO database (FAO 

2005). 

 

 While many previous studies explored various physiological and genetic aspects of 

salinity tolerance in halophytes, most of them were focused on annual species (Dassanayake 

and Larkin 2017; Mishra and Tanna 2017; Ozfidan-Konakci et al. 2016; Flowers and 

Colmer 2015; Volkov 2015; Bose et al. 2014; Flowers et al. 2014; Shabala et al. 2014; 

Shabala 2013a; Rozema and Schat 2013; Shabala and Mackay 2011; Koyro et al. 2008; 
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Agarwal et al. 2013). However, this knowledge is hardly applicable to perennial crops that 

need to maintain capability for growth and development for many successive seasons and, 

therefore, cannot rely on the strategy associated with salt exclusion from uptake used by 

annuals. Moreover, the majority of previous work on perennial halophytes (Amor et al. 

2005; Khan et al. 2000b; Redondo-Gómez et al. 2007; Koyro et al. 2013; Naidoo and 

Rughunanan 1990; Khan et al. 2000a; De Souza et al. 2018; Moir-Barnetson et al. 2016; 

Rabhi et al. 2012; English and Colmer 2011; Marco et al. 2019; Wang et al. 2012; Pardo-

Domènech et al. 2016; Vicente et al. 2004; de Araújo et al. 2006; Ramani et al. 2006; 

English and Colmer 2013; Rodriguez et al. 1997; Yeo 1981; Clipson et al. 1985; Clipson 

and Flowers 1987; Ventura et al. 2014; Benzarti et al. 2014; Zeng et al. 2015) focused on 

whole-plant physiological responses such as plant water relations, leaf gas-exchange and 

photosynthesis, ionic homeostasis and redox balance. The role of specific morphological 

and anatomical features has received much less attention and has been never linked with 

tissue-specific ionic relations. Succulence is one of that important strategies/traits by which 

perennial halophytes conserve water and dilute immense salt concentration in their 

susceptible tissues (Gorham et al. 1985; Hajibagheri et al. 1984). Succulent halophytes can 

be used as convenient models for understanding the mechanistic basis of plant adaptation to 

salt stress. This understanding is important for improving water use efficiency (WUE) in 

crop plants that undergo a salt-induced physiological drought under saline condition. It is 

important to understand how a perennial succulent halophyte would manage this issue, 

morphologically, anatomically, and physiologically.  

Aims of the study and outline of the chapters 

 The major aim of this study was understanding the mechanistic basis of long-term 

salt tolerance strategy employed by the succulent perennial halophyte Sarcocornia 

quinqueflora.  The following specific objectives were addressed:  

1. To quantify the relative contribution of organic and inorganic osmolytes towards 

osmotic adjustment and turgor-induced growth in succulent shoots. 

2. To link osmotic adjustment and stomatal characteristics with salinity stress tolerances 

and water use efficiency (WUE) of succulent stems. 

3. To dissect specific morphological and anatomical features of succulent shoots and 

investigate their potential contribution toward the overall salt tolerance strategy. 
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4. To investigate the causal relationship between salinity and oxidative stress tolerance 

in succulent stems of this perennial halophyte. 

5. To understand the role of ROS signalling in regulating activity of membrane 

transporters mediating ion homeostasis in this plant. 

The first and the second objectives were addressed in Chapter 4 entitled “The whole-

plant responses of Sarcocornia quinqueflora to soil salinity”;  

The third objective was presented in Chapter 5 entitled “Development of suberized barrier 

is critical for tuning Na+/K+ ratio between senescent and non-senescent tissues in leafy stems 

of the succulent halophyte S. quinqueflora”; 

The fourth and the fifth aims were introduced in Chapter 6 entitled “Tissue-specificity of 

ROS-induced K+ and Ca2+ fluxes in succulent stems of the perennial halophyte S. 

quinqueflora in the context of salinity stress tolerance”; 

In addition, this thesis includes a general introduction (Chapter 1), literature review 

(Chapter 2), general materials and methods (Chapter 3) and general discussion (Chapter 7). 
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Chapter 2 

Literature Review 

Plant growth and development are strongly dependent on external environment, and 

any deviation from optimal conditions typically results in stress proliferation. Salinity stress 

is known to induce physiological disorders that are detrimental for plant growth and 

survival. 

2.1 Physiological constraints induced by high soil salinity  

Soil salinity can be harmful for plants bringing about several stresses being primary 

such as osmotic stress and ion toxicity (mainly Na+ and Cl-), or secondary such as oxidative 

stress (Flowers et al. 2015; Yang and Guo 2018). As a result, plant metabolism is distorted, 

and growth and yield are reduced. Under extreme salinities, plant may die and never 

complete a life cycle. 

2.1.1 Salinity stress-induced osmotic disturbance  

 Water uptake in plants relies on a gradient in water potential between the soil and 

the atmosphere. In saline soils, this gradient is reduced, due to increased osmolarity of the 

soil solution caused by dissolved salts. This may result in plant’s inability to take up water 

and even cause water being drawn out of roots (Deinlein et al. 2014), leading ultimately to 

the “physiological drought”. The lowering of the external water potential results in an 

immediate arrest of cells expansion as a result of a decreased turgor pressure (Zhao et al. 

2020) of both roots (Munns et al. 2000) and shoots (Fricke et al. 2004). At a cellular level, 

this may results in proteins misfolding due to the numerous hydration shells required to fold 

and function properly (Flowers et al. 2015). Typically, the water taken up by root epidermis 

travel through root tissues until it reaches the xylem vessels. Once in the xylem, the capillary 

action and the negative pressure of transpiration at the leaf surface cause the water to be 

carried upwards (Campbell et al. 2008). The rapid closure of stomata also is another change 

induced by osmotic stress, with a negative impact on plants' CO2 assimilation (Zhao et al. 

2020), mostly due to the rapid drop in xylem pressure (Wegner et al. 2011). Indeed, stomatal 

guard cells possess a range of mechano-sensitive (stretch-activated) ion channels (Cosgrove 

and Hedrich 1991; Furuichi et al. 2008), that enable the transduction of salinity-induced 
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alteration in the xylem pressure into the modification of stomatal apertures (Zhao et al. 

2020). 

Water is also necessary for the maintenance of a structural integrity. Under optimal 

conditions, the vacuole of a plant cell is filled with water and compose nearly 90% of the 

cell volume, and being swelling applies a positive pressure against the cell wall, a force 

known as turgor pressure (Campbell et al. 2008), and of importance for turgor-induced 

growth of succulent plants (Griffiths and Males 2017). When a reduction in a water content 

within the plant occurs, fluid is lost from the vacuole and the plant wilts. Therefore, plants 

must adjust osmotically to counter this issue. Shabala and Lew (2002) reported that cell 

turgor in the root is recuperated within 40–60 min by an increase in the uptake of inorganic 

ions, and growth is partially resumed. Indeed, such drought-like conditions induce signaling 

pathways that cause plants to accumulate salts in order to readjust the osmotic gradient and 

draw water inwards (Deinlein et al. 2014). Nonetheless, the high intracellular concentration 

of mineral ions, especially Na+ and Cl-, are known interact poorly with proteins and can lead 

to ion toxicity. 

2.1.2 Salinity stress-induced ionic imbalance 

This constraint is usually associated with an excessive accumulation of Na+ and Cl- 

in metabolically active intracellular compartments (Zhao et al. 2020), however, the 

mechanistic basis of such toxicity remains elusive. As the negative effect caused by either 

Na+ or Cl- mostly arisen from interference with the uptake or metabolism of other essential 

ions rather than being a result of a nutrient toxicity per se, the term ionic imbalance become 

more suitable (Zhao et al. 2020). The toxicity symptoms related to ionic imbalance may first 

appear as scorching of leaf tips, then later, leaf bronzing and necrosis of leaf tips and margins 

(Bernstein 1975). Sodium is known to be the dominant ion in sodic soils, and its occurrence 

in high levels of such soils can lead to K+ deficiencies (Bromham et al. 2013). At a cellular 

level, Na+ is a less desirable cation as compared to K+, however, many K+ transporters 

cannot distinguish between the two ions due to their similarity, leading to high Na+ and little 

K+ uptake (Pardo and Quintero 2002). The targets of Na+ in the plant still unknown, and the 

most common explanation for Na+ toxicity is the inhibitory effect on catalytic (enzymatic) 

reactions (Zhao et al. 2020). In fact, many enzymes are highly sensitive to excessive Na+ 

concentrations (Flowers et al. 2015). Several metabolic pathways contain many enzymatic-
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driven reactions, with a major role for K+ ion as a cofactor controlling the catalytic action 

of these enzymes (Wu et al. 2018). Na+ is known to compete and replace K+ in those 

enzymatic reactions given the resemblance of both cations (Benito et al. 2014), however, it 

is not efficient as K+ (Shabala et al. 2016; Wu et al. 2018; Shabala and Cuin 2008). In this 

regard, Lindhauer and De Fekete 1990 reported that similar sized cations such as Rb+ and 

Cs+ being about 80% as effective as K+, while the replacement with Na+ only brought about 

20% of the overall enzyme activity. 

In addition, Cl- anion is negatively charged and thus is not bound to the negatively 

charged soil particles (White and Broadley 2001) and, hence, can be readily taken up by 

plants (Zhang et al. 2004). Chloride is a micronutrient important for photosynthesis, acting 

as a cofactor in chlorophyll, also as a counter ion in the maintenance of the turgor pressure 

(Marschner 2012). It is generally assumed that Cl- exclusion from plant shoot is crucial for 

salt tolerance (Geilfus 2018), as a positive correlation was recorded between severe 

physiological dysfunctions and high shoot Cl- concentration (Bazihizina et al. 2019; 

Deinlein et al. 2014). However, some halophytic plants have showed a great ability to 

accumulate Cl- as much as 2-fold of sea water concentration (>1 M) without experiencing a 

major negative effect on plant performance (Moir-Barnetson et al. 2016). Chloride levels 

within plant tissues are typically below 0.1–5.8 mg/g dry weight (DW), and toxicity 

symptoms are observed at concentrations above 4–7 mg/g DW and 15–50 mg/g DW for 

salt-sensitive and salt-tolerant plants respectively (White and Broadley 2001). Higher 

amounts of Cl- within leaves can interfere with photosynthesis leading to chlorosis and leaf 

burn, also necrosis may occur followed by leaf abscission (White and Broadley 2001). As 

the influx of Cl- is mediated by the same non-selective transporters of other anions (e.g. 

NO3
-  and SO4

2-), the authors have argued that the detrimental effects of Cl- may be due to 

a Cl- -induced deficiency of key macro-nutrients (e.g., N and S) rather than their toxicity per 

se (Bazihizina et al. 2019). 

2.1.3 Salinity stress-induced oxidative stress 

Oxidative stress arisen as a secondary stress when reactive oxygen species (ROS) 

are produced at non-favorable levels to plant cells (Shabala and Munns 2012). Generally, 

both osmotic stress-induced stomatal closure and accumulation of high levels of Na+ in the 

cytosol impair the photosynthetic machinery in photosynthetic organs. Consequently, a 
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disturbance in the light harvesting ability occurs as the amount of absorbed light exceeds 

the demand for photosynthesis, which eventually leads to a progressive ROS production in 

assimilating tissues (Asada 2006). Recent research and considerations have focused on ROS 

metabolism (Noctor et al. 2014; Hossain and Dietz 2016), sensory and signaling networks 

(Dietz 2008; Miller et al. 2010; Suzuki et al. 2012; Baxter et al. 2014; Hossain and Dietz 

2016), as well as the cross-talk with other signaling pathways (Suzuki et al. 2012; Noctor et 

al. 2014; Hossain and Dietz 2016). Given the fact that this study aimed at understanding the 

mechanistic basis of ROS production and signalling in different tissues of the succulent 

halophyte Sarcocornia quinqueflora, the major focus of this literature was on ROS- 

production, scavenging, and signalling propagation and its integration with other molecules 

operating in the salt-induced signalling network, and their physiological role toward ion 

homeostasis and growth regulation under salt stress.   

2.2  ROS as advent byproducts of the aerobic metabolism 

 Molecular oxygen was introduced to the early reducing atmosphere of the Earth 

about 2.7 billion years ago by O2-evolving photosynthetic organisms, causing the advent of 

ROS (Das and Roychoudhury 2014; Halliwell 2006; Choudhury et al. 2017). Generally, the 

production of ROS represents an unavoidable result for aerobic metabolism of plants 

growing under normal as well as unfavorable conditions (Sharma et al. 2012). Oxygen is 

not very reactive per se and normally does not cause damage if it found four electrons to be 

reduced to water. However, it has the potential to be only partially reduced, leading to the 

formation of very reactive derivatives that become toxic if produced in an excessive amount 

(Saxena et al. 2016). The partial and stepwise reduction of molecular oxygen (O2) by high-

energy exposure and/or electron-transfer reactions, hence, leads to production of the highly 

reactive ROS (Sharma et al. 2012; Martinez et al. 2016). These include: hydroxyl radical 

(OH•), superoxide radical (•O−2), hydrogen peroxide (H2O2), hydroperoxyl radical (•HO2), 

alkoxy radical (RO•), proxy radical (ROO•), singlet oxygen (1O2) and excited carbonyl 

(RO∗) (Vellosillo et al. 2010; Kapoor et al. 2015; Sharma et al. 2012; Das and Roychoudhury 

2014). These are strong oxidizers that have a damaging effect on a large variety of biological 

molecules (Petrov and Van Breusegem 2012; Petrov et al. 2015) such as nucleic acids, 

proteins, lipids and chlorophyll which can lead to cell injury and death (Gill and Tuteja 

2010; Ben Rejeb et al. 2014).  
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The main sites of ROS production in plants are localized in different plant sub-

cellular compartments, like the cytosol, chloroplast, mitochondria and peroxisomes (Saxena 

et al. 2016; Pandey et al. 2017; Petrov et al. 2015; Sharma et al. 2012). Apoplastic ROS 

production also occurs (Demidchik et al. 2014; Pottosin et al. 2014) and a large pool of ROS 

originates from the activity of the plasma membrane-based NADPX oxidase (Qu et al. 2017; 

Liu et al. 2020). Each subcellular compartment in plants contains its own set of ROS-

producing and ROS-scavenging pathways. The steady-state level of ROS, as well as the 

redox state of each compartment, is different at any given time leading to a distinct signature 

of ROS levels at the different compartments of the cell (Choudhury et al. 2017). In plants, 

normal metabolic pathways such as aerobic respiration and photosynthesis result in a 

continuous production of ROS as byproducts in different cellular compartments (Saxena et 

al. 2016; Karkonen and Kuchitsu 2015; Camejo et al. 2016). Therefore, ROS are inevitable 

components of an aerobic metabolism (Pandey et al. 2017), and plants should deal with 

them.  

2.2.1 ROS patterns under stress conditions 

Under normal conditions, ROS production is moderate and maintained at the 

constant level adequate for signaling purposes (Das and Roychoudhury 2014), and the 

presence of efficient scavenging system by different antioxidant mechanisms prevents any 

ROS damage to the cell (Foyer and Noctor 2005; Das and Roychoudhury 2014). However, 

the delicate balance between ROS generation and ROS scavenging may be disturbed by any 

deviation away from these optimum conditions (Das and Roychoudhury 2014). 

Plants can be damaged by the accumulation of ROS not only on a daily basis, but 

also on a seasonal basis, as a consequence of being subjected to long-term abiotic stress 

conditions (Mittler 2002; Martinez et al. 2016). ROS production in plants could be induced 

by external stress factors including biotic (pathogen and herbivore) or abiotic (drought, 

temperature regimes, UV-B radiation, salinity, and metals/metalloids) (Karuppanapandian 

and Manoharan 2008; Kapoor et al. 2015; Saxena et al. 2016) leading to oxidative stress 

(Pandey et al. 2017; Shigeoka et al. 2002). The latter significantly determine the survival, 

reproduction, and productivity of plants/crops (Redondo-Gómez 2013; Anjum et al. 2016). 

Salinity stress often enhances the generation of ROS (Hossain and Dietz 2016). ROS 

induced by elevated concentrations of Na+ and/or Cl– in cells cause oxidative stress 



Literature Review                                                                         Chapter 2 

 

   
HASSAN AHMED 20 

  

(Rozentsvet et al. 2017; Koyro et al. 2009; Hossain and Dietz 2016) leading to metabolic 

disorders, cellular damage, and premature senescence or necrosis (Moller et al. 2007; Jaleel 

et al. 2009; Miller et al. 2010; Habib et al. 2016). Stress-induced ROS production also plays 

an important signalling role in plant’s adaptation, with different ROS signatures induced by 

different abiotic stresses, ultimately determining the specificity of the acclimation response 

and helping plant to encounter the exact stress (Choudhury et al. 2017). 

2.2.2 ROS scavengers 

 The over-production of ROS in cyto-toxic levels results in an oxidative stress. In 

most cases, higher plants cannot avoid the elevation in ROS levels, hence they triggered  

some efficient mechanisms to protect themselves from ROS toxicity, as well as to use ROS 

as signaling molecules (Foyer and Noctor 2013; Vaahtera et al. 2014; Considine et al. 2015; 

Dietz 2015; Mignolet-Spruyt et al. 2016; Choudhury et al. 2017). In general, plant 

adaptation under oxidative stress requires a well-regulated balance between detoxification 

of ROS and signalling transduction pathways. The up-regulation of ROS-scavenging 

antioxidative enzymes and the synthesis of small, non-enzymatic molecules with 

antioxidant properties constitute the cyto-mitigation machinery of plant cells. A large 

number of ROS detoxifying proteins [e.g. superoxide dismutase (SOD), ascorbate 

peroxidase (APX), catalase (CAT), glutathione peroxidase (GPX), and peroxiredoxin 

(PRX)] (Choudhury et al. 2017), as well as non-enzymatic antioxidants molecules such as 

ascorbic acid (AsA), glutathione (GSH), α-tocopherol (TC), flavonoids, polyphenols are 

present in almost all subcellular compartments (Surówka et al. 2019). In addition to 

enzymatic and non-enzymatic ROS scavenging pathways, different metabolic adaptations 

that reduce ROS production can also contribute actively in achieving a better ROS 

detoxification process (Choudhury et al. 2017). Also, this can be achieved through 

maintaining the level of free transient metals such as Fe2+ under control, to prevent the 

formation of the highly toxic hydroxyl radical (OH•) via the Fenton reaction (Choudhury et 

al. 2017; Halliwell and Gutteridge 2015). Moreover, some plants accumulate pigments (e.g. 

anthocyanins or betalains) in their vacuoles acting as a potential sink for excess H2O2, 

alleviating the photo-oxidative damage to these plants (Kytridis and Manetas 2006; Parida 

et al. 2018).  
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2.2.3 ROS signalling 

 Although ROS are toxic byproducts of stress metabolism, they primarily function 

as signal transduction molecules that regulate different pathways during plant acclimation 

to stress (Choudhury et al. 2017). ROS production is a common feature of the plants’ 

responses towards all stressors (Jaspers and Kangasjarvi 2010; Petrov et al. 2015). ROS 

play an important signaling role in plants, controlling processes such as growth, 

development and especially response to biotic and abiotic environmental stimuli (Das and 

Roychoudhury 2014). Being produced in modest quantities, ROS are beneficial to plants 

during abiotic stress enabling them to adjust their metabolism and mount a proper 

acclimation response (Choudhury et al. 2017). A tight balance between ROS production and 

their scavenging must be achieved so as to participate in signalling pathway (Singh et al. 

2017). In other word, the utilization of ROS as signalling molecules depends on maintaining 

non-toxic levels in a delicate balancing act between ROS production, involving ROS-

producing enzymes and the unavoidable production of ROS during basic cellular processes, 

and the metabolic counter-process involving ROS-scavenging pathways (Baxter et al. 

2014). ROS signaling is mediated by a highly regulated process of ROS accumulation and 

maintaining normal physiological functions mainly through an interacting with cysteine 

(Cys) residues of proteins (Mittler 2017). The ROS  signalling network is highly utilized by 

aerobic organisms to controls a broad range of biological processes such as growth, 

development, and responses to biotic and/or abiotic stimuli (Mittler et al. 2011; Baxter et al. 

2014). In that respect, plants are able to mediate ROS homeostasis and redox signaling via 

numerous components including NOX-like proteins (RBOHs, SODs, CATs, PRXs, GPXs), 

iron uptake/storage regulating mechanisms, and a network of thio- and glutaredoxins 

(Mittler 2017).  

2.3 Salt stress-induced signalling in plants  

 Stress identification, perception, and transduction of signals as well as elicitation 

and initiation of proper physiological and biochemical mechanisms determine the survival 

and potential of coping with stresses (Ahanger et al. 2016; Hasanuzzaman et al. 2013). In 

general, plants react with saline environment via one of those two basic ways: one of them 

aims to prevent or at least minimizing excessive salt entry into the plant following a strategy 

build up on (stress-avoidance) using different physical, physiological, and/or metabolic 
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barriers resulting in diminishing undesirable effects caused by salinization; the other 

strategy cope with salt stress (stress-tolerance) through triggering salt-stress adaptive 

mechanisms (Rozentsvet et al. 2017; Rao et al. 2006). To increase their survival to 

unfavorable condition, plants need to achieve coordination between signal receptors and 

nucleus, a such vital action so known backward signalling, that result in increasing 

expression of their stress-specific host genes (Ahanger et al. 2016).  

 A continuous understanding of the specific retrograde signalling molecules 

provides key perceptions into the interactively coordinated network in response to 

predominant environmental conditions (Rahal et al. 2014; Ahanger et al. 2016). In this 

regard, plant performance under salt stress conditions is governed by the success in 

achieving the desired anatomical and morphological alterations as a result to acclimation 

responses induced by early salt-stress signalling pathways involving various second 

messengers such as Ca2+ , phospholipids, ROS, ABA etc. (Julkowska and Testerink 2015). 

Although some signalling cascades are specific, each stress- induced signal do not lie in an 

isolated pool but some of them lead to induce the production of others and may have a 

crosstalk when it is necessary to obtain the best adaptive, controlled and coordinated 

physiological and biochemical responses to a such stress stimulus (Umezawa et al. 2013; 

Perez-Clemente et al. 2013; Ahanger et al. 2016). The following sections will summarize 

the early signalling response of plant cell to salinity stress.   

2.3.1 Voltage gating  

 Na+ uptake by plant roots results in a significant membrane depolarization (from 

the typical values of -120-130 mV under control conditions to as low as -40-60 mV under 

saline conditions (Shabala et al. 2010). This uptake is mediated by various membrane 

transporters. The major path for Na+ uptake is believed to be via non-selective cation 

channels (NSCC) (Zhao et al. 2020) with an additional possible contribution of AKT 

(Arabidopsis K+ transporter), HKT (High-affinity K+ transporter Type), PIP2;1 (Plasma 

membrane intrinsic protein; aquaporin)), and LCT1 (Low-affinity cation transporter). The 

entry of Cl- into the root cells is mediated by Cl−/H+ co-transporter NRT (Isayenkov and 

Maathuis 2019) and may result in membrane repolarization, depending on the selectivity 

between Na+ and Cl- uptake.  As many membrane transporters are voltage gated, such rapid 
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(millisecond range) voltage gating may be used as an early signal in salt stress perception 

(Shabala et al. 2014b).   

2.3.2 Osmo-sensing 

To cope with hyperosmotic stress and maintain cell turgor, plant cells had evolved 

several mechanisms for sensing changes in turgor pressure. One of them involves an 

activation of mechanosensitive receptor kinase cyclase that results in rapid (less than 5 

seconds) accumulation of cyclic guanosine monophosphate (cGMP) which act as a second 

messenger, inhibiting sodium entry by deactivation of nonselective cation channels 

(NSCCs), in turn the KOR channel also will be inhibited by cGMP (Maathuis and Sanders 

2001; Julkowska and Testerink 2015). cGMP is also thought to permit the influx of 

apoplastic Ca2+ into the cytosol through the mobilization of initial Ca2+ signal via activation 

of cyclic nucleotide gated channels (CNGC) (Donaldson et al. 2004; Julkowska and 

Testerink 2015). Osmo-sensing mechanism also might involve the role of a plasma 

membrane-localized protein that work as Ca2+ channel so called reduced hyperosmolality-

induced calcium ion (Ca2+) increase 1 (OSCA1) which is responsible for increasing Ca2+ 

influx to achieve osmotic adjustment (Yuan et al. 2014; Julkowska and Testerink 2015). 

The previous mechanism might be of an importance, among others, in conferring turgor-

induced growth of succulent halophytes, especially for the water storage parenchyma cells. 

The direct activation of MSC (mechanosensitive channels) represent another sensing 

mechanism (Peyronnet et al. 2014). Also, H+-ATPase activity may be directly affected by 

osmotic stress (Wu and Seliskar 1998; Curti et al. 1993).  

2.3.3 Ca2+ signalling 

 One of the abundant secondary signalling element in plant cells is the cytosolic free 

calcium (Carrel and Willard 2005). Calcium might bind to different organic molecules 

involved in signalling cascades (Ahanger et al. 2016). The initial and quick (within seconds) 

increase in cytosolic Ca2+ is due to the release of vacuolar Ca2+ via activating the slow-

activating vacuolar/two pore channel 1 (SV/TPC1) (Carrel and Willard 2005; Julkowska 

and Testerink 2015). Typically, functional TPC channels are formed by two TPC protein 

subunits with a large pore to transport mainly Ca2+ and Na+ (Guo et al. 2017). A rapid (400 

mm/s) Ca2+ signal will propagate to other parts of the root and shoot as a result to 
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mobilization of vacuolar Ca2+ through TPC1 (Choi et al. 2014; Julkowska and Testerink 

2015). 

 The elevation in the cytosolic Ca2+ has multiple important roles to ameliorate the 

deleterious effect of salt accumulation at the cellular level through activating a calcium-

binding proteins, for example Ca2+/calmodulin (CaM)-dependent kinases (CBL9), which 

has a very important role in the restoring membrane voltage and inhibiting depolarization-

activated NSCC through their contribution in the stimulation of plasma-membrane H+-

ATPases (Shabala et al. 2006; Sun et al. 2010; Julkowska and Testerink 2015; Drerup et al. 

2013). Additionally, calcineurin B-like proteins cloned from Arabidopsis are able to sense 

the Ca2+ signal and hence contribute to Na+ compartmentalization in the vacuole through 

their participation in salt stress signal transduction (Das and Pandey 2010; Ahmad et al. 

2012; Sarwat et al. 2013; Ahanger et al. 2016) and also initiates the activity of salt overly 

sensitive (SOS) pathway and its related genes (Wang et al. 2007). Calcium-dependent 

protein kinases (CDPKs) represent potential candidates to transduce calcium-mediated 

signal in response to abiotic stresses (Franz et al. 2011; Jiang et al. 2013; Ahanger et al. 

2016). At an organellar level, Ca-signalling molecules or transporters in chloroplasts or 

mitochondria are believed to have a regulatory role in intra-/extra-organellar functions 

(Nomura and Shiina 2014) specifically, in chloroplast energy dissipation mechanisms as 

well as increasing mitochondrial respiration (Manzoor et al. 2012; Ahanger et al. 2016).  

2.3.4 Phospholipid signaling 

 Phosphatidic acid (PA) is known to have an important cellular signalling function 

in addition to its key role in maintaining an ideal cellular membrane structure (McLoughlin 

and Testerink 2013) by enabling protein recruitment to cellular membranes, saving an 

effective communication between its molecular partners (Julkowska and Testerink 2015). 

Under salt stress condition, production of PA depends on stress-induced phospholipase C 

(PLC). Both phospholipase D (PLD)/diacylglycerol kinase (DGK) pathways, and inositol 

phosphate 6 (IP6) involved in their increase (Munnik and Vermeer 2010). In details, plant 

cells undergo a rapid increase in PA levels through the hydrolysis of phosphatidylinositol-

phosphate phospholipids (PPIs) by phospholipase C into inositol phosphates (IPX) and 

diacylglycerol (DAG) (Julkowska and Testerink 2015). Then a further phosphorylation 

occurs to IPX and DAG by IP- or DAG kinases resulted in IP6 and PA, respectively 



Literature Review                                                                         Chapter 2 

 

   
HASSAN AHMED 25 

  

(Munnik and Vermeer 2010; Julkowska and Testerink 2015). Afterward, IP6 causes an 

increase in the cytosolic Ca2+, while the increase in PA alters membrane structure, as well 

as acts as an important signaling molecule (McLoughlin and Testerink 2013). Membrane-

based PA is suggested to have a role in salt stress-induced vesicular trafficking (the 

movement of signal molecule from their synthesis and packaging locations to specific 

release locations), ROS burst and K+ homeostasis. The suggested role comes through the 

ability of PA to bind proteins include clathrin assembly proteins (AP180/ECAs), RbohF, 

ABI1 and a potassium channel b subunit (Zhang et al. 2009; McLoughlin and Testerink 

2013; McLoughlin et al. 2013; Julkowska and Testerink 2015). PA-binding proteins then 

affect vesicular trafficking of PIN-FORMED 2 (PIN2) (Galvan-Ampudia et al. 2013) and 

possibly aquaporins, abscisic acid (ABA)-independent sucrose non-fermenting like kinase 

2.6 (SnRK 2.6) class 1 proteins, and the activity of RbohF (McLoughlin and Testerink 2013; 

Julkowska and Testerink 2015). 

2.3.5 ROS and Ca2+ signalling cross-talk  

 Increasing cytosolic Ca2+  in response to high saline conditions not only restore 

membrane voltage but also has a key role in stimulating the production of ROS (Dubiella et 

al. 2013; Miller et al. 2009; Julkowska and Testerink 2015). Mainly, an interaction between 

calcium-binding calmodulin (CBL9) and calcium-induced protein kinase (CIPK26) will 

lead to the propagation of ROS signal depending on activating respiratory burst oxidase 

homolog F (RbohF) (Drerup et al. 2013; Julkowska and Testerink 2015; Jiang et al. 2012). 

The interaction between Ca2+ and ROS at multiple levels results in a complicated network 

to drive the regulation of different cellular functions (Scholz-Starke et al. 2005; Swanson 

and Gilroy 2010). ROS-activated Ca2+ conductance and calcium-activated NADPH 

oxidases create a self-amplifying ‘ROS- Ca2+hub’, enhancing and transducing Ca2+ and 

redox signals (Tanveer and Ahmed 2020). The ROS-Ca2+ hub has a principle role toward 

several physiological reactions controlled by ROS and Ca2+, revealing that Ca2+ and ROS 

signalling mechanisms are synergistic (Demidchik and Shabala 2018). In that respect, ROS 

can influence cytosolic Ca2+ signalling in several ways. For example, H2O2 was denoted to 

inhibit calmodulin-dependent activation of the plasma membrane Ca2+-ATPase via an 

oxidative methionine modification on calmodulin (Hardin et al. 2009). H2O2 also was found 

to suppress a Ca2+- and calmodulin-dependent protein phosphatase, bovine calcineurin, by 

oxidative formation of a disulfide bridge (Scholz-Starke et al. 2005). Moreover, Ca2+ seems 



Literature Review                                                                         Chapter 2 

 

   
HASSAN AHMED 26 

  

to have both positive and negative regulatory roles on cellular ROS levels. For instance, a 

Ca2+-binding EF-hand motif was found in ROS-producing NADPH oxidases, and NAD 

kinase, providing the NADPH substrate, which is determined by calmodulin. On the other 

hand, calmodulin was shown to induce the activation of catalase, the major H2O2 scavenging 

enzyme, of Arabidopsis thaliana (Scholz-Starke et al. 2005).  

2.3.6 ABA signalling  

 The accumulation of ABA is thought to be induced by the increase in ROS and 

cytosolic Ca2+ (Ismail et al. 2014; Julkowska and Testerink 2015). Carotenoids precursors 

(xanthophylls) represent an important source for achieving a rapid elevation in ABA 

concentration. Both their synthesis in root cells and/or their cleavage (through 

dioxygenases, with 9-cis-epox-ycarotenoid dioxygenase 3 (NCED3)) are needed to enhance 

ABA production under salt stress conditions (Barrero et al. 2006; Ruiz-Sola et al. 2014; 

Julkowska and Testerink 2015). To succeed in reaching ABA-mediated acclimation 

response, two receptor proteins, namely pyrabactin resistance (PYR) and PYR1-like (PYL), 

sense the increase occurring in ABA level (Geng et al. 2013) ). The sensing proteins then 

binds upon activation to protein phosphatase 2C (PP2C) which is responsible for generating 

the inhibition of downstream protein kinases, such as class 3 SnRK2. Afterward, two 

transcription factors - ABA responsive element-binding protein (AREB1) and ABA 

insensitive 5 (ABI5) - are targeted by the ABA-dependent attackers SnRK2s, 

OST1/SnRK2.6, SnRK2.3, and SnRK2.2. This results in activating genes involved in 

acclimation responses and also the plasma membrane transporters including such as slow 

anion channel associated 1 (SLAC1),  potassium channel (KAT1), and NADPH oxidase 

RbohF (Umezawa et al. 2013; Julkowska and Testerink 2015). Activation of ABA-

dependent signaling underlies stomatal closure and has a significant role in regulating 

growth and acclimation responses (Julkowska and Testerink 2015). During abiotic stress 

ROS are secondary messengers in the ABA transduction pathway in guard cells. ABA also 

is known to induces H2O2 to reduce water loss (Baxter et al. 2014; Pandey et al. 2017).  

 2.3.7  SOS cytosolic Na+ reduction signalling pathway 

 A rapid and specific mechanisms dealing with an initial increase in the cytosolic 

Na+ is likely triggered by plant roots exposed to salts stress (Julkowska and Testerink 2015). 

Diverse ways are utilized by plant cell to minimize amount of the cytosolic sodium. The 
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first way involves an activation of the salt overly sensitive (SOS) signaling pathway (Halfter 

et al. 2000; Julkowska and Testerink 2015) when SOS3/SOS2 protein complex (which 

induced by the reaction between protein kinase SOS2 and calcium-induced calcineurin B-

like family protein SOS3/CBL4) activates Na+/H+ exchanger 7 (NHX7/SOS1), which 

finally lead to exclude Na+ from the cytosol into the apoplast of the root cortex and 

epidermis (Shi 2002; Julkowska and Testerink 2015; Brady et al. 2007). The second 

mechanism that might be involved in mitigating high cytosolic Na+ level is 

compartmentalization of sodium into the vacuole by NHX transporter (Bassil et al. 2011; 

Julkowska and Testerink 2015). The latter pathway may also involve endosomal Na+ 

scavenging and a subsequent fusion with the vacuole (Hernandez et al. 2009; Julkowska and 

Testerink 2015); a suggestion that relies upon the performance of endosomal NHX5/6 

mutants which exhibit severe sensitivity to salt stress (Bassil et al. 2011).  

2.4 ROS signalling modulates plant responses under salinity 

stress  

2.4.1 The role of ROS signalling in regulating ion homeostasis in plants 

Ion channels are hydrophilic pathways of protein-based structures occurred in the 

membranes of all living organisms, enabling and mediating electrogenic transport of ions 

and metabolites (Scholz-Starke et al. 2005). They exhibit distinctive biophysical properties 

including: 1) high selectivity for an ion permeating, 2) high turnover rate, and 3) modulation 

by physico-chemical parameters (e.g., membrane potential, calcium concentration) 

(Tanveer and Ahmed 2020). Ion channels, therefore, are key components of several 

physiological processes in plant cells (e.g., maintenance of the turgor pressure, stomatal 

movements, and nutrient absorption by the roots) (Scholz-Starke et al. 2005; Hasegawa et 

al. 2000; Shabala 2009). Recent findings indicate the involvement of ion channels in redox-

dependent processes as well as sensing ROS (Demidchik 2018; Bogeski and Niemeyer 

2014). The importance of ROS in cellular transport arisen from their interaction with various 

ion transport proteins affecting membrane's channels, pumps, exchangers and cotransporters 

underlying the transmembrane signal transduction (Kourie 1998; Demidchik 2018). The 

modification of the ion transport mechanisms results in changes in plant signaling system, 

especially Ca2+ homeostasis, leading to further increase in the abnormal electrical activity 

and distortion of signal transduction, causing cell dysfunction (Kourie 1998). The 
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mechanism of ROS-induced alterations in ion transport pathways involves 1) oxidation of 

sulfhydryl groups located on the ion transport proteins, 2) peroxidation of membrane 

phospholipids, and 3) inhibition of membrane-bound regulatory enzymes and modification 

of the oxidative phosphorylation and ATP levels (Kourie 1998; Tanveer and Ahmed 2020; 

Demidchik 2018). 

The first evidence for stimulation of ion fluxes in plant tissues treated with ROS was 

obtained from measurements of so-called electrolyte leakage caused by a transition metal 

copper ions Cu2+, which is a free radical capable of donating and accepting electrons from 

hydrogen peroxide, superoxide anion radicals, nitric oxide and other ROS and reactive 

nitrogen species (RNS) (Demidchik 2018; Rodrigo‐Moreno et al. 2013; Tanveer and Ahmed 

2020). As a consequent, Chlorella vulgaris cells showed a dramatic loss of K+ from these 

cells, accounting for 94% of all cell K+ when they were treated with copper ions (at 

approximately 0.3 mM CuSO4) (Demidchik 2018). In higher plants, the first record for 

ROS-induced ion fluxes was probably obtained with the measurement of electrolyte leakage 

from Ca2+-treated Agrostis tenuis plants (Wainwright and Woolhouse 1977). Ion channels 

activated by ROS were reported in the plasma membrane of charophyte Nitella flixilis, 

dicotyledon Arabidopsis thaliana, Pyrus pyrifolia and Pisum sativum, and the 

monocotyledon Lilium longiflorum with the dominance of hydrogen peroxide and hydroxyl 

radicals as major activating species for these channels (Demidchik 2018). 

 The plant ROS-activated ion channels were categorized in three groups including 

inward-rectifying, outward-rectifying, and voltage-independent groups. The inward-

rectifying ROS-activated ion channels are permeable for several ions (Ca2+, Na+, K+), thus 

important for growth and development. The outwardly-rectifying group facilitates K+ efflux 

for the regulation of osmotic pressure in guard cells (GORK channel), induction of 

programmed cell death, and autophagy in roots (Demidchik 2018; Gilroy et al. 2014). ROS-

activated K+ channels have recently been identified as products of Stellar K+ Outward 

Rectifier (SKOR) and Guard cell Outwardly Rectifying K+ channel (GORK) genes 

(Demidchik 2018; Shabala and Pottosin 2014). The Ca2+-permeable channels are encoded 

by the following gene families: (1) cyclic nucleotide-gated channels (CNGCs), (2) 

ionotropic glutamate receptors (GLRs), (3) annexins, (4) ‘mechanosensitive channels of 

small (MscS) conductance’-like channels (MSLs), (5) ‘mid1-complementing activity’ 

channels (MCAs), Piezo channels, and hyperosmolality-induced [Ca2+]cyt. channel 1 
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(OSCA1)(Demidchik and Shabala 2018). Also, a ‘tandem-pore channel1’ (TPC1) catalyzes 

Ca2+ efflux from the vacuole in response to the plasma membrane-mediated Ca2+ elevation 

(Demidchik and Shabala 2018). Calcium influx into plant cells is mediated by Ca2+ 

depolarization-activated, hyperpolarization-activated and voltage-independent Ca2+-

permeable channels (DACCs, HACCs and VICCs respectively) while extrusion of Ca2+ 

from the cytosol is mediated by Ca2+-ATPases and Ca2+/H+ exchangers (Demidchik et al. 

2002).   

The variations in the cytosolic concentration of Ca2+ is linked to numerous cellular 

signals and responses (Lecourieux et al. 2006). The generation of ROS as well as the 

elevation in cytoplasmic calcium concentration are typically common early events in many 

stress and developmental responses of plant cells (Scholz-Starke et al. 2005; Liu et al. 2019). 

ROS-induced Ca2+ channels fluxes may be a core step in many ROS-mediated processes, 

such as stress and hormone signaling, polar growth, development, and possibly during 

mechano-transduction (Mori and Schroeder 2004). More work still required to address the 

molecular nature of ROS-activated Ca2+ influx channels, with annexins and cyclic 

nucleotide-gated channels have been proposed for this role (Demidchik 2018; Swarbreck et 

al. 2013). In addition, other (unknown) calcium channels are expected to be to be activated 

by ROS, given that BCC1, a calcium channel from tendrils of Bryonia dioica, was inhibited 

by the application of H2O2 on the cytoplasmic side, while H2O2 treatment of in Commelina 

guard cells and tobacco triggered transient [Ca2+]cyt elevations (Scholz-Starke et al. 2005). 

ABA-induced H2O2 production and the H2O2-activated Ca2+ channels are important 

mechanisms for ABA-induced stomatal closing (Pei et al. 2000), and probably for plant 

acclimation under salinity stress conditions.  

2.4.2 The role of ROS signalling in plant growth regulation  

ROS at redox biology levels are known to regulate diverse functions in higher plants 

such as: cellular proliferation, stress acclimation, stress signaling transduction, 

development, differentiation, metabolic regulation, interactions with other organisms and 

pathogen defense, systemic responses, and physiological cell death (Tanveer and Ahmed 

2020; Mittler 2017). The new levels of ROS produced under stress condition have an 

important role in regulating gene expression, leading to an alteration of plant growth at the 

tissue and organ levels (Tsukagoshi 2016). ROS exhibit an ability to regulate plant growth, 
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acting as second messenger in the signalling cascade of key cellular functions like cell 

proliferation, apoptosis and necrosis (Choudhury et al. 2013). An overlap between ROS 

signaling mechanisms has been suggested to be involved, even partially, as a core signal 

molecule in crosstalk between other growth signaling phytocompound and cross-tolerance 

(Tanveer and Ahmed 2020). ROS signaling was found to be mediated by the plasma 

membrane-bound NADPH-oxidases (RBOHs), peroxidases at the apoplast, as well as by 

the accumulation of ROS in different cellular compartments including the chloroplast, 

mitochondria, peroxisomes, and nuclei (Mittler 2017). 

ROS, as signalling molecules, were suggested to perform a functional role similar 

to plant hormones in regulating root and shoot development (Tsukagoshi 2016; Diaz-

Vivancos et al. 2013). One of the important roles of ROS is in triggering lignin formation 

leading to an alteration in cell walls elasticity (Tanveer and Ahmed 2020). Basically, 

peroxidases catalyze the conversion of H2O2 into H2O and O2 releasing an electron to be 

utilized in whole plant cells to modify both primary and secondary cell walls. Indeed, the 

strength and rigidity of the secondary cell walls achieved by the random cross-linking of 

monolignols, lignin precursors, through oxidative polymerization enhanced by ROS 

production (Vanholme et al. 2010; Hamann 2012; Tsukagoshi 2016).  Furthermore, ROS 

play a key role in the formation of the Casparian strip, which is a lignin-based biological 

barrier that typically present in the endodermis in plant root cells to prevent apoplastic 

movement of solutes and water. In that respect, a Casparian strip domain proteins (CASPs), 

which express specifically in the endodermis, will guide NADPH oxidase, peroxidase, and 

other enzymes localized in the plasma membrane in a region of endodermal cell walls to 

specify the casparian strip formation in the endodermis  (Tsukagoshi 2016). Also, H2O2 was 

found to play an important role in  the cortex proliferation (Tsukagoshi 2016), a trait that 

need more investigation, as cortex represent a highly important water-storage layer in the 

stem of the succulent halophytic plants (Redondo-Gómez et al. 2005).  

ROS were found to  accumulate in root cells even under normal growth conditions 

(Perez and Brown 2014), implying their importance for root growth and development 

(Tsukagoshi 2016). ROS have a principle role in achieving a good spatial distribution of 

lateral roots, being important for maintaining the balance between cell proliferation and 

differentiation (Tanveer and Ahmed 2020). A such function that might be comparable to 

cytokinin role in controlling and achieving the best spatial distribution of lateral roots by 
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inhibiting cell cycle activity as well as the primordium development and stimulates cell 

elongation in developing lateral roots (Julkowska and Testerink 2015; Tanveer and Ahmed 

2020). In addition, ROS seems to be detrimental for the meristematic zone size of the root, 

through regulating the cell cycle (similar to animal cells; Milkovic et al. (2019)). In plants, 

the exogenous application of H2O2 has been shown to inhibit the expression of cell cycle-

related genes and reduce the meristem size of the root (Tsukagoshi 2016). Also, ROS are 

thought to regulate the transition from cell proliferation to cell differentiation by controlling 

the transition of cells from a zone of cell division to a zone of cell elongation and 

differentiation. In this regard, superoxide was found to accumulate in the meristematic zone, 

while H2O2 accumulate in the elongation zone (Liu et al. 2019). ROS accumulation at the 

tip of root hair appeared to be important for normal root hair development (Tamás et al. 

2010). It was reported that the loss of Root Hair Defective 2 (RHD2), which encodes a 

RbohC or NADPH oxidase, led to a failure in ROS accumulation at the tip of an initial root 

hair, consequently, the emerging root hair does not develop (Tsukagoshi 2016). 

Additionally, the wild type Arabidopsis, failed to develop root hairs and did not accumulate 

ROS at the tip of the root hair when an inhibitor of NADPH oxidase activity 

(diphenyleneiodonium (DPI) was applied.  

2.5 Halophytes, natural models with inherent salt-tolerance 

strategies and efficient redox systems 

Most plant species show significant reduction in growth rates at NaCl treatments 

starting from 40-50 mM (the threshold of salinity), while introducing 150-200 mM NaCl to 

in the soil solution is usually lethal (Munns and Tester 2008; Flowers and Colmer 2015). 

However, some plants tolerate higher levels of NaCl (up to 500 mM NaCl; a seawater 

concentration) and could benefit from the presence of significant (typically 50 to 200 mM 

NaCl) concentrations of salt in the rhizosphere. These plants are classified as halophytes.  

Halophytes are economically valuable plants. They constitute only 2 % of land plant 

species, even though they represent almost half of the higher plant families (Rozentsvet et 

al. 2017). Being diverse, halophytes exhibit a wide range of potential applications (Koyro 

et al. 2011). They have been tested as fodder crops, for phytoremediation, as renewable 

energy sources (biofuel), for the treatment of saline aquaculture effluent, as landscaping 

ornamentals  and as food for human consumption (Ventura and Sagi 2013). Different classes 
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have been suggested to categorize halophytic plants based on either physiological or 

ecological aspects. Physiologically, depending on their salt accumulation or exclusion 

ability, the following categories of halophytic plants are distinguished: salt-accumulating 

(euhalophytes), salt-releasing (crinophytes), salt-nonpermeable (glyco-halophytes), and 

pseudo-halophytes (miohalophytes). Ecologically, halophytes are divided into obligate, 

facultative, and pseudo-halophytes (Rozentsvet et al. 2017; Flowers et al. 2010; Grigore and 

Toma 2014). 

Halophytes represent an adaptation rich resource for different strategies coping with 

saline condition. They vary widely in terms of their salt tolerance ranges and their natural 

growth rates (Koyro et al. 2008). While growth optimums for most halophytes range from 

50 to 250 mM NaCl, some extreme examples may have their growth optimum threshold 

between 200 and 400 mM NaCl (Flowers and Colmer 2008; Ventura and Sagi 2013; Moir-

Barnetson et al. 2016). They provide a unique opportunity to study the mechanistic basis of 

the adaptation to a diverse saline environment. Understanding halophytes' physiological 

responses and tolerance mechanisms to extreme salinity is very important not only for 

explaining their species ability to compete, survive and distribute in saline habitats but also 

will be so obliging in understanding the whole salt stress defense mechanisms (Moir-

Barnetson et al. 2016).  

2.5.1  Halophytes performance under salt stress 

Several traits govern the performance of a plant under salinity stress; these are 

related to leaf gas exchange (transpiration and photosynthesis-related CO2/O2 exchange), 

ionic relations (transmembrane transport, sequestration, homeostasis), and water relations 

(osmotic adjustment, turgor changes) (Koyro et al. 2008). Halophytes differ in their 

capability to avoid and/or minimize the drastic effects of salt stress. Despite being salt-

tolerated plants, they cannot avoid the expected deleterious effects of their exposure to 

extreme salinity stress which ultimately results in growth retardation. Growth retardation 

under saline condition might attribute to several reasons such as: (1) the reduced ability to 

fix carbon, thus disturbing the balance between respiration and photosynthesis (Redondo-

Gomez et al. 2010; Moir-Barnetson et al. 2016; Rozentsvet et al. 2017); (2) the reduction in 

cellular osmolality and the accompanied turgor pressure (Clipson et al. 1985; Moir-

Barnetson et al. 2016; Rozentsvet et al. 2017); (3) disrupted enzyme operation caused by 
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increasing Na+ and/or Cl– levels in the cytoplasm (Ayala and O'Leary 1995; Moir-Barnetson 

et al. 2016; Rozentsvet et al. 2017; Carillo et al. 2011); and (4) the increased energetic costs 

associated with de novo organic solute synthesis (Munns 2002; Moir-Barnetson et al. 2016) 

and regulation of ion transport (Yeo 1983; Moir-Barnetson et al. 2016). In addition, elevated 

concentrations of Na+ and/or Cl– in cells contribute to the generation of ROS inducing 

oxidative stress and subsequent damaging impact on cellular biomolecules (Rozentsvet et 

al. 2017; Koyro et al. 2009).   

In response to salinity stress, glycophytes and halophytes are qualitatively similar 

but differ in their efficiency. Several studies showed that salt tolerance genes from 

halophytes are similar with those of glycophytes, but the salt tolerance mechanisms in 

halophytes might differ in various qualitative and quantitative respects (Bose et al. 2015; 

Rozema and Schat 2013; Cabot et al. 2014). Tolerance to salinity primarily relies on: (1)  

the controlled uptake of ions (Na+ and Cl–) by the root system, the compartmentalization of 

toxic ions in the vacuole, and the synthesis of organic compatible solutes to achieve high 

tissue osmolality to overcome a highly negative soil water potential (Flowers and Colmer 

2008; Shabala and Mackay 2011; Ventura and Sagi 2013; Flowers et al. 2015; Moir-

Barnetson et al. 2016); (2) maintaining a favorable levels of tissue K+ is a need because of 

a high net K+ to Na+ selectivity at cell membranes (Moir-Barnetson et al. 2016); (3) the up-

regulation of ROS-scavenging antioxidative enzymes and the synthesis of small, non-

enzymatic molecules with antioxidant properties constituting the main detoxification 

strategy; (4) activating a cascade of genes responsible for building the molecular network 

involved in stress sensing, signal transduction, and finally, the expression of specific genes 

and metabolites (Türkan and Demiral 2009; Ventura and Sagi 2013); and (5) the stimulation 

of phytohormone production, such as abscisic and jasmonic acids (Rozentsvet et al. 2017). 

Halophytes possess all the above salt-tolerant traits in addition to their specific adaptation 

tools. 

Many reports have focused on salt-tolerance genes of non-halophytes such as 

Arabidopsis (Zhu 2002; Han et al. 2014; Zhu 2003) and maize (Kong et al. 2011). Yuan et 

al. (2019) reported salt-tolerance genes in halophytes that confer various physiological 

mechanisms including those involved in Na+ influx, vacuolar ion sequestration, salt 

secretion, and intravein recycling and root hydrophobic (suberized) barriers. Halophytes 

such as Aeluropus, Mesembryanthemum, Suaeda, Atriplex, Thellungiella, Cakile, 
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and Salicornia serve as a potential candidate for the salt-responsive genes and promoters, 

where several known genes like antiporters (NHX, SOS, HKT, VTPase), ion channels (Cl−, 

Ca2+, aquaporins), antioxidant encoding genes (APX, CAT, GST, BADH, SOD) and some 

novel genes such as USP, SDR1, SRP etc. were isolated (Mishra and Tanna 2017). Also, 

salt tolerant genes from halophytes were addressed as potential key players of salt tolerance 

in glycophytes (Himabindu et al. 2016). In addition, a quantitative proteomic and ionomic 

study of epidermal bladder cells (EBC) from the halophyte model plant 

Mesembryanthemum crystallinum was peformed to identify salt-responsive proteins (Barkla 

et al. 2016).  

2.5.2 Key adaptive features of halophytes  

Halophytes ‘superior ability to adapt hypersaline conditions comes at different level 

of plants’ structural and functional organization; this includes morphological, anatomical, 

physiological and biochemical traits (Marco et al. 2019; Shabala 2013). An integrated 

anatomical study of halophytes was introduced by Grigore et al. (2014), being investigated 

in plants of different families (Caryophyllaceae, Chenopodiaceae, Polygonaceae, 

Plumbaginaceae, Fabaceae, Lythraceae, Apiaceae, Frankeniaceae,  Brassicaceae, 

Primulaceae, Plantaginaceae, Asteraceae, Juncaginaceae, Cymodoceaceae, Iridaceae, 

Juncaceae; Cyperaceae, and Poaceae). Through the latter study, the authors discussed 

numerous morpho-anatomical adaptations in these halophytes such as succulence, mucilage 

cells, palisade tissue, well-developed endodermis, intercellular spaces, wax coatings, water-

storing hairs, coriaceous and glossy leaves, stomata features,  lignification, idioblasts, salt-

secreting structures (such as salt hairs or glands), Kranz anatomy structures, and successive 

cambia. Boscaiu (2017) also reviewed classic literature and recent findings related to 

anatomical adaptations of halophytes, with main focus on succulence, tracheoidioblasts 

(spiral cells) and stereides (spicular cells), salt secretion, Kranz anatomy, successive 

(additional) cambia, and bulliform cells. Accordingly, the eco-physiological roles integrated 

to a such anatomic feature can be summarized in the following points: 

Vesicular hairs: commonly known as salt-bladders, these structures have been 

found in species of Chenopodiaceae such as Atriplex tatarica, Atriplex glauca, Atriplex 

halimus, Chenopodium album, Halimione verrucifera, Halimione portulacoides (Grigore et 

al. 2014; Freitas and Breckle 1993). They consist of a stalk-cell and a vesicular (bladder) 

cell, where salts are accumulated (Shabala et al. 2014a). They represent the external 
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vacuoles to store and eliminate excessive salts being accumulated in leaf tissue, where their 

collapse will leach the accumulated salts by rainwater (Jeschke and Stelter 1983); 

Salt glands: represent highly specialized multicellular structures with very specific 

configuration to different genera. They occurred in several halophytic species (Limonium 

species and in Glaux maritima, Frankenia laevis, and Sporobolus pungens) (Boscaiu 2017; 

Grigore and Toma 2010). Salt-secretion represent an effective mean that removes the excess 

of salts from aerial organs of plants (Grigore et al. 2012a); 

Bulliform cells: usually occurred at the level of leaf epidermis in several halophytes 

(Boscaiu 2017; Grigore et al. 2010). Under dry environmental conditions, these cells are 

believed to help in rolling/folding of leaves. They are prevalent in hygro-halophyte species 

such as Puccinellia distans, Juncus gerardi, Bolboschoenus maritimus  (Grigore et al. 2010; 

Grigore et al. 2014); 

Succulence: is a typical adaptive feature of halophytes (Boscaiu 2017). In most 

cases, it is known for a water storage tissue, however, it sometimes could be a well-

developed palisade tissue as was recorded in many halophytic species. It is common in 

Chenopodiaceae species (Grigore and Toma 2008). The role of succulence toward 

halophytes growth is multifarious. In xero-halophytes, aqueous tissues represent a reservoir 

of water required during drought, beside their role in diluting high salts concentrations 

driven by such dry soils (Grigore et al. 2014). In hygro-halophyte, succulence could provide 

a mechanical support to the erect position of vegetative organs that have less developed 

mechanical tissues (Grigore et al. 2014);  

Aerenchyma: is a common feature in species of wet and flooded habitats 

(occasionally) such as Aster tripolium, Crithmum maritimum, and Cymodocea nodosa. It 

serves as an oxygen-provider to plant during possible periods of hypoxia exposure, when 

saline soils are waterlogged (Grigore and Toma 2006a; Schulze et al. 2005; Gibbs and 

Greenway 2003; Colmer and Flowers 2008; Colmer 2003); 

Tracheoidioblasts: normally known as “spiral cells”. They are located 

approximately perpendicular to the epidermis embedded in palisade tissue  (Saadeddin and 

Doddema 1986), with no direct contact between them and the epidermis, or between them 

and the stele area (Grigore et al. 2014) that’s why the suggested function in acquiring dew 

water (Saadeddin and Doddema 1986) was not accepted. They are still very interesting and 

controversial structures. Tracheoidioblasts are found in halophytes with succulent stems 
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such as Sarcocornia fruticosa, Salicornia europaea and Salicornia ramosissima represent 

(Grigore and Toma 2017). They are suggested to have a role in plant water balance, salt 

tolerance, mechanical support, or water/air storing, nonetheless,  the exact eco-physiological 

role of these structures is still obscure (Boscaiu 2017);  

Sclereids: also known as stereides or spicular cells. The cells were evidenced in 

fleshy stems of Arthrocnemum macrostachyum, Arthrocnemum fruticosum Halocnemum 

strobilaceum, Sarcocornia fruticosa, and have been suggested for a mechanical function 

(Boscaiu 2017; Grigore and Toma 2017; Grigore et al. 2014; Saadeddin and Doddema 

1986); 

Endodermis (suberized tissue): halophytes are known to have a well-developed 

endodermis and could be found in either roots or stems. The suberized tissues have been 

evidenced in several halophytic species (Artemisia santonica, Juncus gerardi, Lactuca 

saligna, Salicornia europaea, Salicornia ramosissima, Sarcocornia fruticosa, Suaeda 

maritima, and Bolboschoenus maritimus) (Grigore et al. 2014), and was defined as a typical 

endodermis, with Casparian strips (Geldner 2013). These structures normally act as a barrier 

that controls and limits the penetration of salts in the plant’s sensitive organs (Grigore and 

Toma 2006a). The endodermal cell possesses substantial suberin deposition that hinders 

apoplastic movement of water and solutes, with many environmental stresses such as 

osmotic shock, soil acidity, and extreme temperature inducing its formation (Franke and 

Schreiber 2007). The role of these biological barrier was investigated comprehensively in 

case of plant's roots (Geldner 2013; Alassimone et al. 2012; Cui et al. 2007; Enstone et al. 

2002; Lee et al. 2013; Meyer and Peterson 2013; Roppolo et al. 2011; Ubeda-Tomás et al. 

2009; Ubeda-Tomás et al. 2008; Waduwara et al. 2008; Cohen et al. 2020; Soukup et al. 

2019; Bloch et al. 2019; Bao and Gong 2019), while less attention was payed for their 

potential functions in stems or even leaves (under normal or stress conditions), where they 

also might occurs (Seago Jr 2020; Lersten 1997); 

Successive cambia phenomenon: several halophytic plants may show additional 

cambia (Carlquist 2007), as the case of most Chenopodiaceae species. The ecophysiological 

value of such phenomenon suggest their importance for the regulation of salt content in 

plants (Boscaiu 2017). The successive cambia activity usually leads to the formation of 

secondary elements, that largely results in increasing the internal surface of a vegetative 

organ. Therefore, it may be assumed that the increase in the organ storage volume can 
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contribute to salt retention, dilution and  even delaying the transport of salt to more sensitive 

upper parts of the plant (Grigore and Toma 2006b); 

Lignification: usually accompanying the successive cambia activity and may be 

stimulated by salinity (Grigore et al. 2014). Intense lignification is a very important feature 

that can provide mechanical resistance of cells under the exposure to high osmotic pressure 

(Grigore and Toma 2008; Jbir et al. 2001); 

Kranz anatomy: The word Kranz means “wreath” or “ring”, these structures refer 

to special arrangement of chlorenchymatic tissues within the lamina and in respect to 

vascular elements (Grigore et al. 2012b). It includes different foliar structures related to C4 

photosynthesis (Boscaiu 2017; Grigore and Toma 2014; Muhaidat et al. 2007) where the 

mesophyll cells are clustered around the bundle-sheath cells in a ring-like fashion. These 

structures have been evidenced in several halophytic plants such as Atriplex tatarica, 

Atriplex glauca, Atriplex halimus, Petrosimonia opositifolia, Petrosimonia triandria, 

Camphorosma annua, Suaeda splendens, Salsola kali, Salsola oppositifolia (Grigore et al. 

2014). Kranz anatomy can be found in different sub-types distinguished for a group of plants 

such as atriplicoid, salsoloid, and kochioid. Its physiological role to enable the C4 

pathway of carbon dioxide fixation (Upadhyay et al. 2020).  

Many comprehensive reviews focused on different mechanisms for salinity 

tolerance in halophytes (Dassanayake and Larkin 2017a; Mishra and Tanna 2017; Ozfidan-

Konakci et al. 2016; Flowers and Colmer 2015; Volkov 2015; Bose et al. 2014; Flowers et 

al. 2014; Shabala et al. 2014a; Shabala 2013; Rozema and Schat 2013; Shabala and Mackay 

2011b; Koyro et al. 2008; Agarwal et al. 2013). There is a consensus that there are common 

key traits that halophytes possess and gave them superiority over glycophytes to settle down 

in saline environments. Some halophytic plants are able to adjust water and nutrient uptake 

through their ability to develop a laterally extensive, shallow root system (Koyro et al. 

2008). Moreover, they can hinder salt importing upward with ascending water stream 

through different morphological modifications such as curled leaves, fine hairs, waxy 

cuticle, high stomata density, reducing stomata size, sunken stomates, which ultimately 

reduce transpiration (Koyro et al. 2008). Even if a large amount of salt has been delivered 

to their internal tissues, they tend to keep the cytoplasm and other cell organelles separated 

from salt toxicity via depositing ions of salts in the vacuole, a common mechanism for many 

genera of succulent halophytes (Bonales-Alatorre et al. 2013). They also may have an 

https://www.encyclopedia.com/science-and-technology/astronomy-and-space-exploration/astronomy-stars/carbon-fixation#1O7C4pathway
https://www.encyclopedia.com/science-and-technology/astronomy-and-space-exploration/astronomy-stars/carbon-fixation#1O7C4pathway
https://www.encyclopedia.com/science-and-technology/chemistry/compounds-and-elements/carbon-dioxide
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additional external structures that can help protecting the salt-sensitive metabolic sites by 

removing excess salt and direct it to inverted vacuoles (normally called bladders) located at 

the leaf surface (Kiani‐Pouya et al. 2017; Shabala et al. 2014a). Beside the great ability to 

manage their internal salt levels, halophytes may utilize their specific morphologic 

structures in order to  prevent some ultraviolet light from reaching the leaf tissues (through 

reflecting surfaces, by wax or trichomes) to minimize development of ROS and nitrogen 

radicals (Koyro et al. 2008). Other halophytes of the mangrove habitats, that grow in the 

intertidal zone, such as Avicennia marina shows an ability extrude excess salts from plant 

organs via excretive glandular cells usually known as salt glands (Maheshi and C 2017; 

Yuan et al. 2016; Dassanayake and Larkin 2017b). If the halophytic plant has to grow in a 

such extreme saline environment without possessing salt excretive structures, they might 

need to shed their elder leaves after a rapid salt accumulation in these leaves (Taylor and 

Whitelaw 2001).  

Despite the great efforts exerted to reveal morpho-anatomical adaptations of 

halophytes, the exact physiological role of most of these traits still remain obscure. 

Moreover, other anatomical features with potential physiological functions yet to be 

explored such as possessing a natural biological barriers (suberized tissues or endodermis) 

(Saadeddin and Doddema 1986) and the additional photosynthetic layer (Redondo-Gómez 

et al. 2005) by some halophytic plants such as those of succulent plants of the 

Amaranthaceae.  

2.5.3 Succulence as an adaptive strategy in halophytes 

Halophytes are unique in their water use strategies, and succulence is an essential 

trait to achieve this (Griffiths and Males 2017). Succulence is one of that important 

strategies by which halophytes not only conserve water, but also dilute immense salt 

concentration in their susceptible tissues (Gorham et al. 1985; Hajibagheri et al. 1984). 

However, succulence is not confined  to halophytes as it could be a typical adaptive response 

in glycophytes under salt stress exposure (Gorham et al. 1985; Longstreth and Nobel 1979). 

While plants with CAM photosynthesis utilize enlarged cells of their succulent tissues to 

accumulate more organic acids as a result of CO2 fixation during the night-time (Males and 

Griffiths 2017), succulent halophytic stems employ the increased cell volume to sequestrate 

excessive ions (mainly Na+ and Cl-) to their vacuoles (Rabhi et al. 2010) in order to protect 
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sensitive tissues from the drastic effects of these ions in the cytosol (Lv et al. 2012). 

However, the molecular mechanisms behind this selectivity and salt deposition in storage 

tissues remain elusive.  

Succulent halophytes have to cope with physiological drought induced by higher 

salt concentration in their saline habitat rather than the physical water scarcity that face 

drought-avoidance succulents (Males 2017). As a result, they exhibit an exceptional ability 

to conserve water and dilute enormous salt concentration in their susceptible tissues. 

Understanding the mechanistic basis of these processes is important for improving water 

use efficiency (WUE) in crop plants that undergo a salt-induced physiological drought under 

saline condition. However, the net WUE in succulent halophytes should be evaluated 

through engaging the response of several indices in relation to the whole plant water 

relations and osmotic adjustment. This probably include tissue succulence magnitude and 

turgor-induced growth; stomatal density and aperture size; and transpiration rate and CO2 

assimilation ability. 

Salinity-induced osmotic stress requires osmotic adjustment, through either the 

increase in compatible solute production or the vacuolar-accumulation of inorganic ions 

(Munns and Tester 2008; Mian et al. 2011; Zhu 2016). The latter is prevalent in halophytic 

plants as a cheap osmotica, saving more energy for adaptive and growth processes (Colmer 

et al. 1996). The way that osmotic adjustment and stomatal characteristics contribute to 

salinity stress tolerance in succulent halophytes need more investigation. Osmotic 

components of salinity stress are essential for the turgor-induced growth in succulent 

tissues. They typically have a profound effect on stomatal characteristics, causing reduction 

in the transpiration rates and an ultimate stomatal closure (Brugnoli and Lauteri 1991). 

Stomatal closure lead to a limitations in the rate of photosynthesis through reduced CO2 

availability, and the detrimental processes of photorespiration (Noctor et al. 2002; Geissler 

et al. 2009). Both stomata aperture and stomata density may affect the changes in stomatal 

conductance (gs) under salinity (Zhu 2016). It was suggested that the alteration in the 

stomatal density may represent a fundamental mechanism by which plant can optimize 

WUE under high saline conditions (Shabala et al. 2012; Shabala et al. 2013). However, a 

question still needs to be answered: is it good to a succulent halophyte to have fewer 

stomata, to control transpiration and reserve water in succulent tissues for a better WUE and 
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turgor-induced growth? Or is it better to have many partially closed stomata for an adequate 

CO2 availability?  

2.5.4  Perennial halophytes versus annuals  

Perennial halophytes represent a rich resource for understanding plant adaptation to 

long-term salinity stress. Most previous studies of perennial halophytes (Amor et al. 2005; 

Khan et al. 2000b; Redondo-Gómez et al. 2007; Koyro et al. 2013; Naidoo and Rughunanan 

1990; Khan et al. 2000a; De Souza et al. 2018; Moir-Barnetson et al. 2016; Rabhi et al. 

2012; English and Colmer 2011; Marco et al. 2019; Wang et al. 2012; Pardo-Domènech et 

al. 2016; Vicente et al. 2004; de Araújo et al. 2006; Ramani et al. 2006; English and Colmer 

2013; Rodriguez et al. 1997; Yeo 1981; Clipson et al. 1985; Clipson and Flowers 1987; 

Ventura et al. 2014; Benzarti et al. 2014; Zeng et al. 2015) investigated the whole-plant 

physiological responses such as plant water relations, leaf gas-exchange and photosynthesis, 

ionic homeostasis and redox balance (Table 2.1 summarize a number of these studies). In 

contrast to annual halophytes, perennials need to maintain capability of growth and 

development for several seasons and, therefore, possessing a specific salt-accommodation 

tools among their overall salt tolerance strategy.  

A clear physiological difference between annual and perennial halophytes is still 

equivocal, and to the best of our knowledge very few studies had compared physiological 

aspects of annual and perennial halophytic plants. As a general, annuals growth seems to 

accelerate under salinity exposure in comparison to perennials. This was the case in the 

study carried out by Ventura et al. (2011) comparing physiological responses and nutritional 

value of the annual (Salicornia persica) and the perennial (Sarcocornia fruticosa) under a 

range of sea water applications (0-100 %). Although the total yield decreased with 

increasing percentage of seawater above 50% in the irrigation water in both plants, the 

annual plants always had ca 2–3-fold higher fresh biomass in comparison to their perennial 

counterparts, probably indicates for growth acceleration by annual species to avoid the long-

term effect of salinity.  In addition, the previous study also revealed that chlorophyll content 

decreased, even slightly, with elevated salinity (50, 75, and 100 %) in the annual Salicornia, 

while it increased progressively with the perennial Sarcocornia. In accordance with the latter 

notion, chlorophyll and carotenoids contents decreased gradually in the two annuals 

Salicornia persica and Salicornia europaea experimented under a broad range of salinity 
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(0-600 mM NaCl), with highest concentration being recorded at zero salinity (Aghaleh et 

al. 2009). Therefore, the gradual decrease of photosynthetic pigments with salinity increase 

also might be among annual halophytes specific responses. The latter study of annual 

Salicornia species also indicated that K+ content decreased gradually with salinity increase, 

while several studies of perennial halophytes showed that there is no big difference in K+ 

content over the entire range of salinity (Moir-Barnetson et al. 2016; English and Colmer 

2011, 2013), and most likely, these perennials maintained the minimum K+ threshold that 

is marginal for the essential physiological processes and enzymatic activity. The above 

observations might be an initial start and more comparative work still required to address 

the potential differences in the physiological responses of annual and perennial halophytes.  

2.5.5 Sarcocornia quinqueflora, a possible model of succulent perennial 

halophytes  

Succulent halophytes are distributed worldwide and observed more often in dicots 

than in monocots (Flowers et al. 1986). The major bulk of them belong to the 

Amaranthaceae under two subfamilies: Chenopodioideae and Salicornioideae (Flowers and 

Colmer 2015). Plants of Salicornioideae are often characterized by succulent articulated 

stems with highly reduced leaves, and flowers aggregated in thick, dense spike-shaped 

thyrses (Kadereit et al. 2006). The genus Sarcocornia has perennial plants as herbs, 

subshrubs or shrubs (Steffen et al. 2015), growing erect or prostrate (Alonso and Crespo 

2008) under the Salicornioideae. Sarcocornia was first described in 1978 by A J Scott, in 

order to separate the perennial species from the closely related annual Salicornia (Alonso 

and Crespo 2008). Sarcocornia consists of about 15 species worldwide with a majority 

growing in South Africa and that might have been the geographic origin of the Australian 

Sarcocornia as suggested by their nuclear internally transcribed spacer (ITS) analysis 

(Kadereit et al. 2005).  

Sarcocornia quinqueflora is a small succulent shrub with the ability to grow for 

several years (perennial lifecycle) in saline habitat near the coastline, salt marshes, sandy 

beaches and rocky areas (Connor 1984). It was early known as Salicornia australis (De 

Fraine 1913). In Australia, it occurs on the south west and south east areas, and also in parts 

of the Nullarbor Plain, and part of the east coast of Cape York Peninsula (Kühn et al. 1993; 

Wilson 1984). The shoot formed of fleshy articulated stems and no foliage leaves could be 
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noticed, therefore the oblong young beads (stem internodes) are the main photosynthetic 

part, and with aging they appear dry and woody (Scott 1977). Based on their extreme salt 

tolerance, the crops Salicornia and Sarcocornia represent an ideal model plant on which 

halophyte growth strategy can be trailed (Ventura and Sagi 2013).  

Sarcocornia quinqueflora stem develops two distinct layers: an endodermis-like 

layer (suberized layer), and an additional internal photosynthetic layer. The leafy stem 

anatomy was described earlier by (De Fraine 1913) for Salicocornia australis showing an 

outermost row of barrel shaped cells forming an epidermal layer covered externally by a 

thick cuticle. The epidermis surrounds a mesophyll tissue with only palisade cells rich in 

chloroplasts and more than one layer being present; next are many layers of water-storage 

parenchyma with thin walls and few intercellular spaces, also known as the cortex. The 

innermost layer of cortex tissue consists of suberized cells enclosing the stele (vascular 

cylinder) and known as endodermis-like layer; however some authors indicated the stele-

enclosing layer as a special type of cork specially when it became multilayer assuming their 

development from an earlier pericycle layer (Voznesenskaya et al. 2008; De Fraine 1913). 

Six to eight collateral vascular bundles with parenchyma in between exist in the stele, also 

a central cavity occurred known for an air-storing function. Previous anatomic features are 

comparable to that described by Saadeddin and Doddema (1986) for Arthrocnemum 

fruticosum. In addition, similar succulent halophytes of the Chenopodiaceae such as 

Tecticornia pergranulata, Tecticornia indica, Arthrocnemum macrostachyum, Salicornia 

ramosissima, Sarcocornia perennis, and Sarcocornia fruticose have been reported to have 

an internal photosynthetic band composed of several layers of small round cells situated in 

between the endodermis-like layer and the stele (Voznesenskaya et al. 2008; Redondo-

Gómez et al. 2005). Redondo-Gómez et al. (2005) had shown that the internal chlorenchyma 

cylinder is photosynthetically active, thus they raised an interesting question whether the 

developed photosynthetic band might have a role in salt-adaptation of these plants. 

Answering this question was one of the aims of our study among other anatomical, 

morphological, and physiological aspects.  
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Table 2.1: A summary of several studies targeted physiological responses of perennial halophytes with different salt ranges 

Halophyte Treatment 

Physiological trait 

Author 
Growth Water relations Leaf gas-exchange and 

photosynthesis 

Ionic relations Redox balance 

Crithmum maritimum 
NaCl  

(0-200 mM) 

Plant growth improved at 50 

mM NaCl, drastically reduced 

at 200 mM NaCl  

Tissue water was unaffected by 

salinity 

- Na+ and Cl- were largely 

accumulated in shoots 

 

Ca2+, Mg2+, and K+ contents 

significantly declined under 

200 mM NaCl with higher K+ 

uptake selectivity 

Plants at the optimum salt 

level (50 mM NaCl) showed 

lower ROS production (MDA 
content) and higher 

enzymatic activity (SOD, 

CAT, POD) 

Amor et al. 

(2005) 

Atriplex griffithii var. 

stocksii 
NaCl  

(0-360 mM) 

Root growth promoted at 90 

mM NaCl; plant total dry weight 

inhibited at 360 mM NaCl  

The water potential and osmotic 

potential of shoots became more 
negative under increasing salinity; 

growth rely mainly on inorganic 

ion accumulation for osmotic 

adjustment 

- Na+ and Cl− contents 

increased with elevated 
salinity in both shoots and 

roots, while Ca+, K+ and Mg2+ 

decreased 

 

Glycinebetaine content 

increased at elevated salinity 
in stems and leaves with 

highest concentration 

recorded at 360 mM NaCl, 

serving as osmo-protectants 

or antioxidant  

Khan et al. 

(2000b) 

Atriplex portulacoides 
NaCl  

(0-700 mM) 

Plant growth stimulated by 

increased salinity up to 200 mM 
NaCl; some growth maintained 

at higher salinities 

- Rates of CO2 assimilation were 

not affected at up to 200 mM NaCl 

but reduced at higher salinities 

 

Reductions in net photosynthetic 
rate attributed largely to lower 

stomatal conductance and 

intercellular CO2 concentration 

 

Salinity did not have any adverse 

effect on photosystem II (PSII), 
quantum efficiency of PSII 

(FPSII) and the chlorophyll 

fluorescence ratio (Fv/Fm)  

- - Redondo-

Gómez et al. 

(2007) 
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Panicum turgidum 
NaCl 

(0-500 mM) 

Plants growth at 125 mM NaCl 

were similar to non-saline 
(control) conditions and 

decreased at higher salinities 

High salinity (250–500 mM NaCl) 

led to a significant decrease of 

water use efficiency (WUE) 

Photosynthetic parameters (net 

photosynthesis rate, transpiration 
rate, water use efficiency, Fv/Fm, 

and electron transport rate) 

correlated with growth response 

 

The reduction of carboxylation 

rate at higher salinity arised from 
non-stomatal factors such as 

decreasing Rubisco and 

chlorophyll contents and led to 
photoinhibition and xanthine 

cycle dependent heat release 

Electrolyte leakage observed 

at higher salinity 

Oxidative stress occurred 

under high salinity with high 
malondialdehyde (MDA) and 

H2O2 levels being recorded 

Koyro et al. 

(2013) 

Suaeda fruticosa (L.) 

Forssk 

NaCl  

(0-1000 mM) 

Optimal growth in the range of 
200 to 400 mM NaCl with 

higher fresh and dry weights; 

decreased growth at higher 
salinities  

Tissue water content increased at 
200 mM NaCl and decreased at 

higher salinity 

 

Water potential and osmotic 

potential of plants more negative 

with salinity increase  

- Leaf Ca2+, Mg2+, and K+ 
concentrations decreased with 

salinity increase, while Na+ 

and Cl- contents increased and 
reached 1391 and 1673 mmol 

kg-1 dry weight at 1000 mM 

NaCl, respectively 

Glycinebetaine content of 
shoots was highest at the salt 

range 600 -1000 mM NaCl, 

suggesting an osmo-
protectant or antioxidant role 

Khan et al. 
(2000a) 

Salicornia neei 
NaCl  

(0-770 mM) 

Growth was better under low 

salinities (34–86 mM NaCl) 

than under control (0 mM) and 

severe salinities. 

Maximum water content in the 

shoots was 78–80%  

  

High succulence was observed 

between 0.1 and 171 mM NaCl 

and decreased at higher salinities 
suggesting epithelial lignification 

of the shoots  

Plants maintained high ratio of 

photoprotective carotenoids in 

relation to light-harvesting 

chlorophylls  

 

The conversion of violaxanthin to 
zeaxanthin was enhanced with 

increasing NaCl concentrations in 

order to dissipate exceeding 
energy not used in the CO2 

assimilation process  

- Phenolic metabolites with 

antioxidant capacities 

induced under salinity stress  

De Souza et 

al. (2018) 

Tecticorna indica, 

Tecticorna medusa, 

Tecticorna auriculata 

NaCl  

(10-2000 
mM) 

Shoot RGRs were highest in the 

salinity range 10-600 mM NaCl 
and declined at higher NaCl 

levels 

 

Osmotic adjustment of succulent 

shoot tissues achieved by 
accumulation of Na+, Cl– and the 

compatible solute glycinebetaine; 
maintenance of high net K+ to Na+ 

selectivity to the shoot 

- Growth at extreme salinities 

was limited by the capacity 
for vacuolar Na+ and Cl– 

uptake to provide sufficiently 
low tissue osmotic potentials 

for turgor-driven growth 

- Moir-

Barnetson et 
al. (2016) 
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Tecticornia indica, 

Tecticornia pergranulata, 
Tecticornia mellaria   

NaCl 

(10-800 mM) 

All showed better growth at 

moderate salinities (10–400 
mM NaCl in T. pergranulata, 

200 mM in T. mellaria,400–600 

mM NaCl in T. indica); at 800 
mM NaCl shoot RGR was 

reduced by 9% in T. indica, 22% 

in T. pergranulata and 39% in 

T. mellaria. 

The three species utilized Na+ and 

Cl- as osmotica in shoot tissues 
and also contained relatively high 

concentrations of the compatible 

solute glycinebetaine 

- The tissue K+ concentrations 

did not change in the broad 
salinity range (200 – 800 mM 

NaCl)  

Glycinebetaine accumulated 

with salinity increase, 
suggesting osmo-protectant 

or antioxidant role 

English and 

Colmer 

(2011) 

Tecticornia indica, 

Tecticornia pergranulata 

NaCl  

(10-2000 
mM) 

Both species maintained growth 

at treatments of up to 2000 mM 

NaCl 

 

The growth rate of T. 
pergranulata was 11–29% 

higher than one of T. indica 

 

 

Both Tecticornia species 

maintained a favorable gradient of 
tissue water potential via osmotic 

adjustment as external salinity 

increased; tissue water content 
was reduced at very high external 

salinity 

 

The C4 T. indica shoed higher 

water use efficiency (WUE) 

compared to the C3 T. 

pergranulata 

Net photosynthesis of T. 

pergranulata and T. indica 
declined with increase of external 

NaCl concentration 

 

Transpiration rate was highest at 

10 mM NaCl in both the species, 

and declined with further increase 
of salinity; no difference in 

transpiration was recorded 

between 500 and 1000 mM NaCl   

Accumulation of Na+ and Cl–

at elevated salinities; 
maintenance of K+ to Na+ 

selectivity  

 

Highest  tissue K+ content was 

recorded at 10 mM NaCl, then 

maintained unchanged over  

the broad salinity range 

 

Glycinebetaine increased at 

elevated salinity suggesting 
osmo-protectant or 

antioxidant role 

English and 

Colmer 

(2013) 

Sesuvium portulacastrum, 

Tecticornia indica  

NaCl 

(0-400 mM) 

Both species showed optimum 

growth at 200 mM NaCl  

Plants of both species showed 

better tissue hydration under 

saline conditions 

CO2 assimilation rate and stomatal 

conductance of S. portulacastrum 

were highest at 200 mM NaCl, 
while in T. indica they decreased 

under salinity 

 

Pigment content increased under 

salinity in both the species 

 

The conversion of violaxanthin to 

zeaxanthin through the 

xanthophyll cycle was detrimental 
for energy dissipation and has 

different magnitude in both the 

species  

The two halophytes showed 

much higher Na+ contents in 

shoots than in roots.  

 

Shoot Na+ contents in both the 

plants were similar under 200 
and 400 mM NaCl, while 

roots exhibited a continuous 

Na+ accumulation with 

increasing salinity 

In both the species, the β-

carotene content increased in 

salt grown plants that may 
result in increased antioxidant 

activity to protect 

photosystems against 

photooxidation 

Rabhi et al. 

(2012) 
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Salicornia fruticosa 
NaCl 

(0-300 mM) 

Optimal growth at 200 mM 

NaCl and decreased at 300 mM 

NHX1 antiporter and PIP1 and 

TIP aquaporin proteins play an 
important role in leaf growth 

through a differential Na and 

water partitioning between the leaf 
base and apex that regulates a 

progressive leaf solute gradient 

under optimum growth of 200 mM 

NaCl 

The photosynthesis rate was in 

consonance with the optimal 

growth at 100 and 200 mM NaCl 

 

At 300 mM NaCl, the 
photosynthesis decreased in spite 

of the fact that there was an 

increase in stomatal conductance 

and no difference in transpiration 

Salinity increase led to Na+ 

accumulated and reduction of 

K+, Ca2+ and Mg2+ levels  

 

Organic solutes were 
synthesized and accumulated 

in the cytosol to cope with salt 

stress 

- Marco et al. 

(2019) 

Sesuvium portulacastrum 

Plants 
supplied with 

200 mM of 

different ions 
including 

cations (N+, 

K+, Li+) and 
anions (Cl-, 

NO3- , Ac-), 

respectively 

Improved shoot growth in the 

presence of external Na+ 

compared to K+ and Cl- 

 

- - Salt-treated plants 

accumulated large amounts of 

Na+ in both leaves and stems 

 

Na+ was found more effective 

than K+ and Cl- for cell 
expansion, leaf succulence, 

and shoot development 

 

- Wang et al. 

(2012) 

Plantago crassifolia,  

Inula crithmoides 

NaCl  

(0-600 mM) 

Relative growth inhibition by 

NaCl indicated that I. 

crithmoides is more salt-tolerant 

than P. crassifolia 

Sorbitol and GB, the physiological 

osmolytes of P. crassifolia and I. 

crithmoides, respectively, were 

sufficient to maintain cellular 
osmotic balance under field 

conditions, while proline - only 

under severe salt-stress condition 

- - - Pardo-

Domènech et 

al. (2016) 

Plantago crassifolia 
NaCl  

(0-500 mM) 

Plant growth rate was not 

affected by mild saline stress, 
but a substantial reduction was 

recorded at concentrations 

exceeding 200 mM NaCl 

Accumulation of inorganic ions 

used to achieve osmotic 

adjustment and drive succulence 

- Elevated salinity levels led to 

Na+ and Cl- accumulation and  

decreased K+  

A 20-fold increase of proline 

content in leaves under 
treatment with 500 mm NaCl 

suggesting its protective role 

as an antioxidant  

Vicente et al. 

(2004) 

Atriplex nummularia 
NaCl 

 (0-600) mM 

Better growth at 150 mM NaCl; 

change from growth stimulation 

(up to 300 mM NaCl) to 

reduction at higher levels 

 

An increase in leaf relative water 

content with increasing salinity 

indicates that A. nummularia 

might have an efficient 
mechanism to adjust cell cytosol 

osmotically; leaf turgor is not a 

limiting factor for growth 

Salinity stress caused a decrease in 

total soluble proteins and 

chlorophylls 

Na+ and Cl- accumulation in 

leaves was greater than that in 

roots; therefore, A. 

nummularia is a salt includer  

 

Great affinity for Na+ and Cl- 

ions during uptake even at 0 

mM NaCl treatment 

- de Araújo et 

al. (2006) 
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Aster tripolium, 

Sesuvium portulacastrum 

For Aster 

plants (0-513 
mM NaCl); 

for Sesuvium  

(428-856 

mM. NaCl)  

Growth rate reduced in both the 

species with increasing NaCl 

concentrations 

Osmolality of the leaf sap 

increased with increasing NaCl 

concentration in both the species  

 

Transpiration rate was severely 
reduced in both Aster (3%) and 

Sesuvium (5%) plants after 10 d of 

NaCl watering 

CO2 assimilation rate decreased in 

Aster (3%) and Sesuvium (5%) 

from day 5 to day 10. 

 

Both the plants had linearly 
increased levels of 

nonphotochemical quenching 

analysis (NPQ) with increasing 
NaCl concentrations. Sesuvium 

had almost half the NPQ value 

when compared to Aster under 

increased soil salinity 

The Na+/K+ ratio indicates 

that Aster accumulates more 
K+ in comparison to Na+ 

while the reverse is true for 

Sesuvium 

- Ramani et al. 

(2006) 

Salicornia virginica,  

Batis maritima,  

Borrichia frutescens 

Eco-
physiological 

study over a 

salinity 
gradient in 

the high 

marsh  

- Species growing on the high end 

of the salinity gradient developed 
more negative xylem pressure 

potentials compared to species 

growing at lower soil salinities 

 

Low mean leaf osmotic potential 

(below -15 to -36 bars) and high 
ash contents (0.27-0.48 g NaCI/g 

DW) indicated salt accumulation 

in transpiring tissues 

- - - Antlfinger 

and Dunn 

(1983) 

Halostachys caspica 
NaCl 

(0-600 mM) 

Optimal growth at the salt range 

100-200 mM NaCl; decreased 

growth with further increase in 

salinity 

 

Under saline conditions, the 

succulence of the assimilating 

branches resulted in Na+ dilution 

- Osmotic adjustment achieved 

by inorganic ions (mainly Na+ 

and Cl-) rather than organic 

compounds  

 

Na+ and Cl- accumulation in 
the reproductive organs and 

within assimilating branches, 

which may represent a 
mechanism for protecting 

plant growth by way of salt 

ion dilution and organ 
abscission (displaying a 

tissue-dependent distribution)  

- Zeng et al. 

(2015) 
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Atriplex portulacoides 
NaCl 

(0-1000 mM) 

Optimal growth at200 mM 

NaCl but growth reduction at 
higher salinities (especially 800 

and 1000 mM)  

Leaf water content maintained 

even at the highest salinity level 

tested 

 

Leaf succulence and high water 
use efficiency (WUE) under high 

salinity significantly contributed 

to maintenance of leaf water status  

- Na+ and Cl- contents 

increased upon salt exposure, 
more in the leaves compared 

to the roots 

 

Plant efficiently used Na+ for 

osmotic adjustment at high 

salinities (800–1000 mM 

NaCl) 

Proline and GB accumulated 

with salinity stress suggesting 
the potential role as osmo-

protectants or antioxidants  

Benzarti et al. 

(2014) 

Sarcocornia natalensis 
NaCl 

(0-500 mM) 

Optimal growth at 300 mM and 

decreased with further increase 

in salinity 

 

Increase in salinity from 0 to 
300 mM NaCl stimulated 

production of fresh, dry, and 

organic dry mass, increased 
succulence and shifted resource 

allocation from roots to shoots  

 

Inorganic ions, especially Na+ 

and Cl-, contributed 

substantially to the dry mass: at 
300 mM NaCl inorganic ions 

contributed to 37% of total dry 

mass and NaCl concentration in 

the shoots was 482 mM 

 

Water contributed to a large 

proportion of the increase in fresh 

mass 

 

Salinity increase from 0 to 300 
mM NaCl led to sap osmotic 

potentials decrease from -2.10 to -

3.95 MPa  

- Massive accumulation of 

inorganic ions under salinity, 
especially Na+ and Cl-, 

accounted for 86% of the 

osmotic adjustment at 300 

mM NaCl 

 

Salinity treatments decreased 
K+ content in shoots; Na+/K+ 

ratios increased steadily with 

salinity and reached a 
maximum of 16.6 at 400 mM 

NaCl 

- Naidoo and 

Rughunanan 

(1990) 
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Chapter 3 

General Materials and Methods 

 

This chapter gives an overview of the experimental design, detailed methods and 

techniques that were utilized at the organ and tissue levels to evaluate Sarcocornia 

quinqueflora performance in response to soil salinity. Several biochemical analysis 

including important metabolites and compatible solutes, oxidative stress markers, non-

enzymatic antioxidant, and minerals ion content were introduced. In addition, some 

physiological and electrophysiological parameters were conducted. 

3.1 Culture technique 

3.1.1 Plant material 

The succulent halophyte S. quinqueflora plants were collected from the South Arm 

coastline region (43°1′42″S 147°25′1″E) of Tasmania. The harvested plants were directly 

transferred to 1L plastic pots containing 70% composted pine bark, 20% coarse sand and 

10% sphagnum peat. Plants were grown under controlled glasshouse condition (temperature 

range from 19ᵒC to 26ᵒC; average humidity 65%; day length 12-14 h) and irrigated 

periodically with tap water in order to maintain the culture medium always at field capacity. 

After some period of recovery, those plants were used as a source for newly asexually 

propagated cuttings.  

3.1.2 Asexual propagation of Sarcocornia quinqueflora plants 

Semi-hardwood cuttings with homogenous short leafy stems (containing 3 to 4 

emerging buds) were obtained from the mother plant of S. quinqueflora. Root initiation was 

promoted by dipping the leafy stem-base in Indole Butyric Acid (IBA, used at 8 g/L) 

followed by planting in trays with propagation medium containing 50% perlite, 25% coarse 

river sand, 25% peat moss in addition to 30g/50L dolomite. The trays were kept in mist 

room (Fig. 3.1) on a hot pad with ambient air temperature (20-24ᵒC) to achieve a proper 
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environment for a successful establishment of the plants. A fungicide drench was introduced 

at the concentration of 1.5 mL per 1 L water. 

 

 

 

 

3.1.3 Long-term salinity trial 

The propagated S. quinqueflora plants (Fig. 3.1) were potted in 25 cm pot size (one 

plant per pot) using the potting mix (70% composted pine bark, 20% coarse sand and 10% 

sphagnum peat) and grown for a further two weeks (Fig. 3.2). The Osmocote Exact 

controlled-release fertilizer (ICL Specialty Fertilizers Company; 11-11-18+TE (5-6 

months)) was applied at the rate of 3 g/L (pot size). The uniform pots/plants were positioned 

randomly (Fig. 3.2) into six groups (15 plants per group) and treated with six levels of NaCl 

solution (0, 200, 400, 600, 800 and 1000 mM). Salinity treatment was given via manual 

irrigation with saline water once in 3 days and lasted for 10 weeks. 

Figure 3.1: Asexual propagation of Sarcocornia quinqueflora. (A) Semi-hard wood 

cuttings lying on a hot pad in a mist room. (B) Well-rooted plants developed three 

weeks later. 
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3.2 Growth parameters 

Growth parameters were estimated after 10 weeks of the treatments with different 

salt concentrations (Fig. 3.3 B).  

3.2.1 Plant biomass, water content and succulence index 

Four pots of each treatment were used for these invasive estimations. Shoots and 

roots of each pot were separated and thoroughly washed under tap water to remove any 

possible salt deposits on the surface originating from the salt irrigation solutions and 

removing soil particles on the roots. Thereafter, samples were blot dried by the paper tissues 

and the fresh weights of shoots and roots were measured using an analytical digital balance 

(Mettler Toledo, TLE3002). To determine the dry weight, samples were kept in drying oven 

at 60 ℃ for 3 days and then weighed. The total dry biomass was calculated as a sum of a 

root and a shoot dry matter yield of the same sample. The water content (WC) of the shoot 

Figure 3.2: The propagated Sarcocornia quinqueflora plants (five weeks after 

starting propagation) showing almost uniform growth in potting mixture (A). 

Randomized 15 plants were grouped to be treated with various NaCl concentrations. 

(B). 
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and the root was estimated as the difference between the respective fresh weight (FW) and 

the dry weight (DW) in relation to DW as (FW-DW)/DW. The shoot or root to plant ratio 

was determined on a dry weight (DW) basis. The extent of succulence was calculated as the 

ratio of shoot water content per shoot surface area (Jeschke and Stelter 1983).  

 

 

3.2.2 Specific shoot measurements 

Different parameters were used to assess the shoot growth and development under 

various salt concentrations. These included the length of the main leafy stem (MLS; cm), 

the length of the leafy stem branch (LS branch; cm) and the bead (stem's internode) length 

and thickness (Fig. 3.4).   

Four plants were assessed per each salt treatment. To measure the length of the leafy 

stem's branch (cm), the longest branches per each individual leafy stem were used resulting 

in 18 measures from 4 assessed plants. For bead length and thickness, the most expanded 

beads, usually located in the middle of the individual leafy stem, were used for the 

measurement using a digital Vernier caliber (4 beads measured in 9 leafy stems of 4 

replicates were applied).  

Figure 3.3: Sarcocornia quinqueflora growth under broad salt range (0-1000 

mM NaCl) after 6-weeks (A) and 10-weeks (B) of salt treatments. 
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In addition, the number of main leafy stems per plant (MLS/plant Fig. 3.4 B) and 

the number of beads per leafy stem (beads/LS) were estimated.  

 

3.2.3 Specific root measurements  

The root length (cm) and the number of the main propagated roots per plant  

(MPRs/plant; Fig. 3.4 B) was estimated in plants grown under various salinity treatments.  

3.2.4 Total shoot surface area  

The total shoot surface area (SA) was determined assuming that each stem bead 

(segment) is of cylindrical shape (Moir-Barnetson et al. 2016). Bead lateral SA (without the 

cylinder circular ends) was estimated according to the equation: 

Figure 3.4: Leafy stem parts of Sarcocornia quinqueflora showing main leafy 

stem (MLS), leafy stem's branches (LS branch), and articulated beads (A). (B) 

Illustration of well-rooted plant before the salt treatment showing main 

propagated roots (MPRs) and main leafy stems (MLSs). 
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 𝐵𝑒𝑎𝑑 𝐿𝑎𝑡𝑒𝑟𝑎𝑙 𝑆𝐴 =  2𝜋𝑟ℎ (𝑐𝑚2),  

where r is the radius of the bead (cylinder segment), h is the height and the value of a 

constant 𝝅 is 3.14.  

The average bead SA value was multiplied by the number of beads in the leafy stem and 

also by the number of beads in the leafy stem branch: 

𝐿𝑒𝑎𝑓𝑦 𝑠𝑡𝑒𝑚 𝑆𝐴 (𝑐𝑚2) =  𝐵𝑒𝑎𝑑 𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑆𝐴 ×  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐵𝑒𝑎𝑑𝑠 𝑝𝑒𝑟 𝑙𝑒𝑎𝑓𝑦 𝑠𝑡𝑒𝑚 

𝐿𝑒𝑎𝑓𝑦 𝑠𝑡𝑒𝑚′𝑠 𝑏𝑟𝑎𝑛𝑐ℎ 𝑆𝐴 (𝑐𝑚2) = 

𝐵𝑒𝑎𝑑 𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑆𝐴 ×  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑒𝑎𝑑𝑠 𝑝𝑒𝑟 𝑙𝑒𝑎𝑓𝑦 𝑠𝑡𝑒𝑚′𝑠 𝑏𝑟𝑎𝑛𝑐ℎ 

The total leafy stems SA of the individual leafy stem was estimated by multiplying the 

number of main leafy stems per plant and this also was applied for the total SA of leafy 

stems branches:  

𝑇𝑜𝑡𝑎𝑙 𝑙𝑒𝑎𝑓𝑦 𝑠𝑡𝑒𝑚𝑠 𝑆𝐴 (𝑐𝑚2) =  

𝐿𝑒𝑎𝑓𝑦 𝑠𝑡𝑒𝑚 𝑆𝐴 ×  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑒𝑎𝑓𝑦 𝑠𝑡𝑒𝑚𝑠 𝑝𝑒𝑟 𝑝𝑙𝑎𝑛𝑡 

𝑇𝑜𝑡𝑎𝑙 𝑙𝑒𝑎𝑓𝑦 𝑠𝑡𝑒𝑚′𝑠 𝑏𝑟𝑎𝑛𝑐ℎ 𝑆𝐴(𝑐𝑚2) = 

𝐿𝑒𝑎𝑓𝑦 𝑠𝑡𝑒𝑚′𝑠 𝑏𝑟𝑎𝑛𝑐ℎ 𝑆𝐴 × 𝑁𝑢𝑚𝑏𝑒𝑟 𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠 𝑝𝑒𝑟 𝑚𝑎𝑖𝑛 𝑙𝑒𝑎𝑓𝑦 𝑠𝑡𝑒𝑚  

Finally, the total shoot SA was calculated by adding the total leafy stems SA and the total 

leafy stem's branches SA:  

𝑇𝑜𝑡𝑎𝑙 𝑠ℎ𝑜𝑜𝑡 𝑆𝐴 (𝑐𝑚2) = 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑖𝑛 𝑙𝑒𝑎𝑓𝑦 𝑠𝑡𝑒𝑚𝑠 𝑆𝐴 + 𝑇𝑜𝑡𝑎𝑙 𝑙𝑒𝑎𝑓𝑦 𝑠𝑡𝑒𝑚′𝑠 𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠 𝑆𝐴 

3.2.5 Stomatal characteristics 

Stomatal density is a function of both the number of stomata and the size of the 

epidermal cells, so it is typically affected by the initiation of stomata and the expansion of 

the epidermal cell. According to Royer (2001), the stomatal index can be calculated from 

the following equation: 

𝑺𝒕𝒐𝒎𝒂𝒕𝒂𝒍 𝑰𝒏𝒅𝒆𝒙 (%) = 
𝑺𝒕𝒐𝒎𝒂𝒕𝒂𝒍 𝑫𝒆𝒏𝒔𝒊𝒕𝒚

𝑺𝒕𝒐𝒎𝒂𝒕𝒂𝒍 𝑫𝒆𝒏𝒔𝒊𝒕𝒚 + 𝑬𝒑𝒊𝒅𝒆𝒓𝒎𝒂𝒍 𝒄𝒆𝒍𝒍 𝒅𝒆𝒏𝒔𝒊𝒕𝒚
  X 100 
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The stomatal density and the epidermal cell density can be estimated as the following:  

𝑺𝒕𝒐𝒎𝒂𝒕𝒂𝒍 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 = 
𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒔𝒕𝒐𝒎𝒂𝒕𝒂 𝒊𝒏 𝒕𝒉𝒆 𝒆𝒏𝒕𝒊𝒓𝒆 𝑭𝑶𝑽

𝒂𝒓𝒆𝒂 (𝑚𝑚²)
   

and 𝑬𝒑𝒊𝒅𝒆𝒓𝒎𝒂𝒍 𝒄𝒆𝒍𝒍 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 = 
𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝑬𝒑𝒊𝒅𝒆𝒓𝒎𝒂𝒍 𝒄𝒆𝒍𝒍𝒔 𝒊𝒏 𝒕𝒉𝒆 𝒆𝒏𝒕𝒊𝒓𝒆 𝑭𝑶𝑽

𝒂𝒓𝒆𝒂 (𝑚𝑚²)
 , 

where FOV is the field of view of the microscope lens. 

 

 

 

Stomata density was examined using leafy stem imprint. For this a small amount of 

nail polish (collodion) was applied over the most expanded cylindrical bead surface (middle 

leafy stem region). Dried polish nail containing an imprint was peeled off, mounted on a 

glass slide, and examined under a microscope (Leica Microsystems CMS GmbH Ernst-

Leitz-Str. 17-37, Model DMi8). The number of stomata and the epidermal cells in the field 

of view were counted from 30 spots (FOV) of four replicates under each salinity level tested 

(Fig. 3.5). The stomatal index was calculated using the above equations. Other stomatal 

characteristics such as aperture and guard cells area and epidermal cell area (µm2) were 

estimated with the help of ImageJ software (ImageJ 1.52a, Wayne Rasband, National 

Institute of Health) using the same images collected for stomatal density measurements. 

Figure 3.5: An examined field of view (FOV) showing stomata and 

epidermal cells of Sarcocornia quinqueflora succulent shoot 

surface. Scale bar is 25 µm. 
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3.3 Biochemical analysis 

Biochemical analyses were conducted using plant materials after 10 weeks of salt 

treatments.  

3.3.1 Photosynthetic pigments 

The photosynthetic pigmentation of both higher plants' essential fractions 

(chlorophyll a, chlorophyll b) and the accessory one (carotenoids) were estimated 

spectrophotometrically using the methods reported earlier (Metzner et al. 1965; Witham et 

al. 1971). The chloroplast pigments are bound loosely to proteins and can be extracted by 

organic solvents such as acetone, ethyl alcohol or ether.  

A known weight (0.3 g) of fine fresh leafy stem beads was mechanically grinded in 

a mortar with 3 ml of prechilled 80 % acetone and bringing the volume of the extract to 10 

ml using the same solvent. Centrifugation was applied at 2500 g for 10 minutes. After the 

residue was assured to be colourless, the supernatant was transferred to a clean tube and the 

volume toped up to 10 mL if needed using 80 % acetone and was kept in darkness until the 

spectrophotometric measurements. The absorbance of a supernatant was recorded using 

BMG LABTECH/SPECTROstar Nano spectrophotometer at the relevant wavelengths (663, 

644 and 452 nm for Chl a, Chl b, and carotenoids, respectively) using the solvent (80% 

acetone) as a blank. The amount of a photosynthetic pigment in the extract was calculated 

as µg per g of fresh tissue using the following equations: 

 𝑪𝒉𝒍 𝒂 = [10.3 (𝑨663) − 0.918 (𝑨645)] 𝑥 [𝑉/ (𝑊 𝑥 1000)]  

 𝑪𝒉𝒍 𝒃 = [19.7 (𝑨645) – 3.87 (𝑨663)] 𝑥 [𝑉/ (𝑊 𝑥 1000)]  

 𝑪𝒂𝒓𝒐𝒕𝒆𝒏𝒐𝒊𝒅𝒔 = [4.2 (𝑨452) – (0.0264 𝑪𝒉𝒍 𝒂 +0.426 𝑪𝒉𝒍 𝒃)] 𝑥 [𝑉/ (𝑊 𝑥 1000)],  

 

where 10.3, 19.7, and 4.2 are respective absorption coefficients, 

A - the absorbance at a specific wavelength,  

V - the final volume of chlorophyll extract in 80% acetone, 

W - the fresh weight of tissue extracted.  
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3.3.2 Metabolites and compatible solutes 

3.3.2.1 Determination of carbohydrates 

Soluble, insoluble, and total carbohydrates were measured spectrophotometrically 

using the anthrone-sulphuric acid method as suggested by Hedge and Hofreiter (1962). In 

plant cell, carbohydrates exist as free sugars and polysaccharides. The content of 

carbohydrates can be measured after the polysaccharides being hydrolyzed into simple 

sugars using acid to hydrolyze and then determine the resultant monosaccharides. The total 

carbohydrates were determined after diluted hydrochloric acid was used to hydrolyze 

carbohydrates first into simple sugars. Generally, to determine the soluble (extracted in 

distilled water) or total carbohydrates (extracted in acidic medium) the idea is to dehydrate 

glucose to hydroxymethylfurfural in a hot acidic medium; this compound later forms a green 

coloured product with anthrone that can be measured spectrophotometrically at 630 nm. 

Sample extraction: 

- Extraction of total carbohydrates: 

A known weight of the shoot (50 mg) and of root (20 mg) dry matter were placed 

into a boiling tube. To each, 5 ml of 4 N hydrochloric acid in case of shoot and 2 N in case 

of the root were added. Carbohydrates were hydrolyzed by keeping the tubes in a boiling 

water bath for three hours. The extract was cooled to room temperature under tap water 

followed by centrifugation at 2500 g for 10 minutes. Clear supernatant was collected, 

completed to a definite volume of 5 ml, and kept in the refrigerator before the measurement. 

- Extraction of water-soluble carbohydrates: 

Soluble carbohydrates were extracted using similar steps mentioned above for total 

carbohydrates except an extraction medium was distilled water. 

Reagents preparations: 

The anthrone-sulphuric acid reagent was prepared by mixing 200 mg anthrone with 

8 ml absolute ethyl alcohol and 30 ml of distilled water and finally, 100 ml of concentrated 

sulphuric acid was added carefully and gradually in ice-cold condition. This reagent should 

be freshly prepared before use.  
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Stock solution of glucose standard was prepared by dissolving 100 mg of glucose in 

100 ml of distilled water. The working standard of 100 µg/ml was prepared by diluting 10 

ml of stock solution to 100 ml with distilled water.  

Spectrophotometric estimation: 

 About 1 ml of carbohydrates extract was placed in a clean boiling tube. At the same 

time, standards were prepared by taking 0, 0.2, 0.4, 0.6, 0.8, and 1 ml of the working 

standard (0 ml was used as a blank). The volume of standards then was brought up to 1 ml 

using distilled water. Then 4 ml of anthrone reagent was added to all samples and standards 

tubes (all the tubes should be cooled on ice before adding the ice-cold anthrone reagent). 

The tubes were heated in a boiling water bath for eight minutes and cooled rapidly using tap 

water. The developed green to dark green colour then was measured using a 

spectrophotometer (BMG LABTECH/SPECTROstar Nano) at 630 nm. Data were used for 

plotting the calibration curve. The latter was used for estimation of total and soluble 

carbohydrate in the sample tube and then expressed as mg/g dry weight. Insoluble 

carbohydrate was calculated by deducting the amount of soluble carbohydrates from those 

of total carbohydrates in the same sample. 

3.3.2.2 Determination of proteins 

 Soluble, insoluble, and total proteins were measured using the spectrophotometric 

method of Lowry (Lowry et al. 1951). Dilute sodium hydroxide was used to hydrolyze water 

insoluble proteins into amino acids and then measuring spectrophotometrically the blue 

colour developed by the reduction of the phosphomolybdic-phosphotungstic components in 

the folin-ciocalteau reagent by the amino acid tyrosine and tryptophan present in the protein. 

Sample extraction: 

- Extraction of water-soluble proteins: 

 A known weight of the shoot (50 mg) and of the root (20 mg) dry matter was placed 

into a boiling tube and 5 ml of distilled water was added. Water-soluble proteins then were 

hydrolyzed by keeping the tubes in a boiling water bath for 3 hours. The extract then was 

cooled to room temperature under tap water followed by centrifugation at 2500 g for 10 

minutes. Clear supernatant was topped to 5 mL with distilled water and kept in the 
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refrigerator until the measurements. The residue also was kept for extracting the water-

insoluble proteins. 

- Extraction of water-insoluble proteins: 

 Water-insoluble proteins were extracted by adding five ml of 1N sodium hydroxide 

to the residue and boiling in a water bath for an hour. Centrifugation and supernatant 

collection steps were applied, similar to extracting the water-soluble proteins.  

Reagents preparations: 

- Reagent A: It was prepared by dissolving 2 g of sodium carbonate in 100 ml of 

0.1 N sodium hydroxide (2% Na2CO3 in 0.1 N NaOH). 

- Reagent B: It was prepared by dissolving 0.5 g of copper sulphate (CuSO4.5H2O) 

in 1 % potassium sodium tartrate (0.5 % CuSO4.5H2O in 1% potassium sodium tartrate). 

- Reagent C: Also known as the alkaline copper solution and should be always 

freshly prepared. It was prepared by mixing 50 ml of Reagent A and 1 ml of reagent B. 

- Reagent D (Folin-ciocalteau reagent): It was purchased commercially (VWR, 

Cat.No. 31360.264) and stored in the refrigerator. The reagent was diluted with an equal 

volume of distilled water prior to use.  

 Stock of standard protein solution was prepared by dissolving 50 mg of bovine 

serum albumin in 50 ml of distilled water. The working standard of 200 µg/ml was prepared 

by diluting 10 ml of stock solution to 50 ml with distilled water.  

Spectrophotometric estimation: 

 Protein estimation was conducted spectrophotometrically. One ml of protein extract 

was placed in a clean tube. In the meantime, standards were prepared by taking 0, 0.2, 0.4, 

0.6, 0.8, and 1 ml of the working standard. The volume of standards then was brought to 1 

ml using distilled water (1 ml distilled water tube served as a blank). To all samples and 

standards tubes, 5 ml of reagent C was added and mixed thoroughly, and allowed to stand 

for 10 minutes at the room temperature. Afterwards, 0.5 ml of diluted Folin-ciocalteau 

reagent was added and mixed well and soon afterwards, the tubes were incubated at room 

temperature in the dark for 30 minutes. After the blue colour was developed, the absorbance 

was measured at 700 nm using BMG LABTECH/SPECTROstar Nano spectrophotometer.  
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 Standard graph was drawn by plotting concentration of standards against 

absorbance and used for estimation of the amount of soluble and insoluble proteins in the 

sample tube (expressed as mg/g dry weight). Total proteins were calculated as a sum of 

soluble and insoluble proteins in the sample. 

3.3.2.3 Determination of total free amino acids 

 Total free amino acids were measured using the standard spectrophotometric 

method elsewhere (Moore and Stein 1948; Misra et al. 1975; Theymoli and Sadasivam 

1987). Their estimation via this method depends on the ability of ninhydrin, a strong 

oxidizing agent, to decarboxylate the α-amino acids (i.e. non-protein amino acids are not 

accounted) between pH 4 and 8 to give an intensely bluish-purple coloured compound. The 

resultant colour can be measured colorimetrically at 570 nm.  

 The total free amino acids were quantified using the same water extract that was 

used for the determination of soluble carbohydrates.  

Reagents preparations: 

- Citrate buffer: 0.2 M Citrate buffer pH 5.0 was prepared by mixing 21.5 ml of 

0.2 M citric acid solution (Sigma-Aldrich, Cat.No. C0759) with 28.4 ml of 0.2 M sodium 

phosphate dibasic anhydrous (Na2HPO4) (Sigma-Aldrich, Cat.No. 795410) and the volume 

then was brought to 100 ml using distilled water. 

- Ninhydrin reagent was prepared by dissolving 1 g of ninhydrin (Sigma-Aldrich, 

Cat.No. N4876) in 100 ml of citrate buffer and the solution was heated until the complete 

dissolving of ninhydrin was achieved.  

- Diluent solvent was prepared by diluting 60 ml of glycerol (Sigma-Aldrich, 

Cat.No. G9012) to 100 ml using distilled water.  

Glycine stock solution was prepared by dissolving 50 mg of glycine (Sigma-Aldrich, 

Cat.No. G8898) in 50 ml of distilled water. The working standard of 100 µg/ml was 

prepared by diluting 10 ml of stock solution to 100 ml with distilled water.  
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Spectrophotometric estimation: 

 A volume of 0.5 ml of amino acids extract was placed in a tube and used for the 

analyses. In the meantime, standards were prepared by taking 0, 0.1, 0.2, 0.3, 0.4, and 0.5 

ml of the working standard. The volume of standards then was brought to 0.5 ml using 

distilled water (0.5 ml distilled water tube served as a blank). To all samples and standards 

tubes, 0.5 ml of citrate buffer, 1 ml of the diluent solvent (glycerol 60%) and 1 ml of 

Ninhydrin reagent were mixed and shaken vigorously. Tubes were incubated in a boiling 

water bath for 30 minutes and the absorbance was measured at 570 nm after the development 

of bluish-purple colour using BMG LABTECH/SPECTROstar Nano spectrophotometer. The 

calibration graph was drawn by plotting concentration of standards against absorbance and 

used for estimation of the total free amino acids in the sample tube (expressed as mg/g dry 

weight). 

3.3.2.4 Determination of proline 

 The estimation of free proline in plants was conducted using the standard 

spectrophotometric method recommended by Bates et al. (1973). Proline is a heterocyclic 

amino acid found in basic proteins. In plant tissues, free proline can be selectively extracted 

in the aqueous solution of sulphosalicylic acid. During the extraction, proteins are 

precipitated as a protein-sulphosalicylic acid complex. The extracted proline then will react 

with ninhydrin under the acidic condition (pH 1.0) to develop a red chromophore that can 

be measured spectrophotometrically at 520 nm.  

Sample extraction:  

A known weight (0.2 g) of the shoot and root dry tissue was used, and proline was 

extracted in 5 ml of 3 % sulphosalicylic acid (VWR, Cat.No. 20678.187) for 3 hours at room 

temperature. Then, the samples were centrifuged at 2500 g for 15 minutes and the 

supernatant was collected and centrifugated again for 7 minutes at the same circumstances 

to assure clearance of the extract.  

Reagents preparations: 

- Acid ninhydrin reagent was prepared by adding 1.25 g of ninhydrin (Sigma-

Aldrich, Cat.No. N4876) to a warm mixture of 30 ml glacial acetic acid (Sigma-Aldrich, 
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Cat.No. 1.00063) and 20 ml of 6 M phosphoric acid (Sigma-Aldrich, Cat.No. 345245) 

completed to 20 ml by distilled water with continuous agitation until ninhydrin completely 

dissolved. The prepared reagent was stored at 4 ᵒC and used within 24 h. 

Proline stock standard was prepared by dissolving 50 mg of L-proline (Sigma-

Aldrich, Cat.No. P0380) in 50 ml of distilled water. The working standard of 100 µg/ml 

was prepared by diluting 10 ml of stock solution to 100 ml with distilled water. 

Spectrophotometric estimation: 

 A volume of 1.0 ml of proline extract was placed in a tube for analyses. At the same 

time, standards were prepared by taking 0, 0.2, 0.4, 0.6, 0.8, and 1.0 ml of the working 

standard. The volume of standards then was brought to 1.0 ml using distilled water (1.0 ml 

distilled water tube served as a blank). To all samples and standards tubes 1.0 ml of acid 

ninhydrin reagent and 1.0 ml of glacial acetic acid were mixed. Tubes were incubated in 

boiling water bath for an hour. After the development of red colour, the reaction was 

terminated by placing the tubes in an ice bath. Toluene at the volume of 2 mL was added to 

the reaction medium and stirred vigorously using vortex for 30 seconds. The toluene layer 

then was separated containing the red chromophore and warmed to the room temperature. 

The intensity of the red colour was measured at 520 nm using BMG 

LABTECH/SPECTROstar Nano spectrophotometer. The standard graph was drawn by 

plotting concentration of standard against absorbance and used for estimation of the amount 

of proline in the sample tube (expressed as μmol/g dry weight). 

3.3.3 Oxidative stress markers 

3.3.3.1 Determination of lipid peroxidation (MDA content)  

 The determination of lipid peroxidation can give a reliable mark for the imposed 

oxidative stress in plants. The lipid peroxidation level was quantified in terms of 

malondialdehyde (MDA) content using the method recommended by Rao and Sresty 

(2000). MDA is the end product of lipid peroxidation of polyunsaturated fatty acids; 

however, another aldehyde may also be the end product, 4-hydroxynonenal (HNE). MDA 

reacts with the thiobarbituric acid (TBA) in acidic buffer leading to the formation of red 

colour. The intensity of the red colour was measured spectrophotometrically at wavelength 
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532 nm and then the value for non-specific absorption (HNE, due to MDA-TBA abduct) 

measured at 600 nm was subtracted.  

Sample extraction: 

 A known weight (0.2 g) of the fresh leafy stem beads was exposed to liquid nitrogen 

for 5 minutes and then homogenized using TissueLyser ІΙ (QIAGEN). A volume of 2 ml of 

0.1 % trichloroacetic acid (TCA) was added and mixed vigorously using vortex. The 

samples were centrifuged twice at 10000 g for 15 minutes at room temperature and the 

supernatant was collected.  

TBA-TCA reagent was prepared by dissolving 20 mg of TCA in 100 ml of distilled 

water and then 0.5 g of TBA was added (20 % TCA contained 0.5 % TBA).  

Spectrophotometric estimation: 

 A volume of 1.0 ml of sample extract was placed in a boiling tube. To all samples, 

4 ml of TBA-TCA reagent was added, and tubes were incubated in 95 ᵒC water bath for 30 

minutes. After the development of red colour, the reaction was terminated by placing the 

tubes in an ice bath. The intensity of the red colour was measured spectrophotometrically 

(SPECTRONIC 200, Thermo Fisher) at 532 and 600 nm. A tube containing 1.0 ml of 

distilled water served as a blank. MDA concentration was calculated from the following 

equation and expressed in nmol per g tissue: 

 Concentration of MDA (mM) = (A532 – A600) / 155 

where 155 mM-1cm-1 is an extinction coefficient for the MDA-TBA abduct at 532 nm 

3.3.3.2 Determination of hydrogen peroxide 

The hydrogen peroxide level in leafy stem bead tissue was estimated following the 

method recommended by Mukherjee and Choudhuri (1983). Briefly, hydrogen peroxide 

forms a peroxide-titanium complex (Pertitanic acid (H2TiO4)) by the reaction with titanyl 

sulphate (TiOSO4) generating a complex that can be distinguished by its yellow colour that 

can be measured colorimetrically at 415 nm.  
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Sample extraction: 

 A known weight (0.2 g) of the fresh leafy stem beads was dipped in liquid nitrogen 

for 5 minutes and then homogenized using TissueLyser ІΙ (QIAGEN). Then 2 ml of cold 

acetone was added and mixed vigorously using vortex. The samples were centrifuged twice 

at 2500 g for 20 minutes at 4 ᵒC and the supernatant was collected.   

Titanyl sulphate reagent was prepared by dissolving 0.1 g of titanium dioxide (TiO2) 

in 100 ml of 20 % Sulphuric acid. The mixture was heated at 150-200 ᵒC until complete 

dissolving. 

Spectrophotometric estimation: 

 To 1.0 ml of extract, 1.0 ml of titanyl sulphate reagent was added. After being mixed 

well, the mixture was centrifuged at 2500 g for 20 minutes and the intensity of the yellow 

colour of the supernatant was measured spectrophotometrically at 415 nm against the water 

blank using (SPECTRONIC 200, Thermo Fisher). The quantity of H2O2 (nmole/g FW) was 

determined using an external standard curve generated with known concentrations (0-100 

nmol) of H2O2 (Liu et al. 2020; Sun et al. 2014). 

3.3.4 Non-enzymatic antioxidants 

3.3.4.1 Determination of total phenols  

Phenols comprise a widespread array of compounds that aid plants to resist under 

unfavorable condition. Chemically, they are aromatic compounds with a hydroxyl group. 

The total phenolics content were estimated using the method recommended elsewhere (Bray 

and Thorpe 1954; Malik and Singh 1980) based on a reaction with the Folin-Ciocalteau 

reagent. Phenols react with an oxidizing agent phosphomolybdate in Folin-Ciocalteau 

reagent under alkaline conditions with formation of a blue coloured complex, the 

molybdenum blue, which can be measured colorimetrically at 725 nm.  

Sample extraction: 

 A known weight (0.2 g) of the fresh leafy stem beads was dipped in liquid nitrogen 

for 5 minutes and then homogenized using TissueLyser ІΙ (QIAGEN). Then 2 ml of 

methanol 50% was added and mixed vigorously using vortex. The mixture was transferred 
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to a boiling tube and incubated in a water bath 80 ᵒC for 90 minutes. The samples were 

centrifuged twice at 2500 g for 20 minutes at room temperature and the supernatant was 

collected.  

Reagents preparations: 

- Folin-ciocalteau reagent was purchased from commercially (VWR, Cat.No. 

31360.264) and stored in the refrigerator.  

- Sodium carbonate was used at 20% (v/v) concentration prepared in distilled. 

Stock Standard was prepared by dissolving 50 mg of gallic acid (VWR, Cat.No. 

B24887.30) in 50 ml of methanol 50 %. The working standard of 100 µg/ml was prepared 

by diluting 10 ml of stock solution to 100 ml with methanol 50 %. 

Spectrophotometric estimation: 

 A volume of 100 µl of a sample extract was placed in a boiling tube and 900 µl of 

distilled water were added. At the same time, standards were prepared by taking 0, 0.2, 0.4, 

0.6, 0.8, and 1.0 ml of the working standard. The volumes of standards then were brought 

to 1.0 ml using distilled water with 1.0 ml distilled water in a tube serving as a blank. To all 

samples and standards tubes 0.5 ml of Folin-Ciocalteau reagent was added and mixed. Three 

minutes later, 2.5 ml of 20 % Na2CO3 was added. After mixing thoroughly, a white 

precipitate was formed, then the tubes were left to stand at room temperature for an hour for 

a complete precipitation and developing the blue colour. The absorbance of the developed 

blue colour was measured at 725 nm using (SPECTRONIC 200, Thermo Fisher) 

spectrophotometer. The calibration curve was drawn by plotting concentrations of standards 

against respective absorbances and used for estimation of total free phenolics in the sample 

tubes and then expressed as mg/g dry weight. 

3.3.4.2 Determination of ascorbic acid (vitamin C)  

 Ascorbic acid is a water-soluble and heat-alterable vitamin. It can be determined 

colorimetrically using Folin-Ciocalteau reagent. The ascorbic acid content was quantified 

using the method recommended by Jagota and Dani (1982). Ascorbic acid reduces the 

oxidizing agent, Folin-Ciocalteau reagent, in acidic pH resulting in the formation of a blue 

coloured complex which can be measured spectrophotometrically at 760 nm. This method 
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is simple, quick, and efficient and can be used for the estimation of ascorbic acid without 

prior conversion to its dehydro-form as routinely used in other colorimetric methods.   

Sample extraction: 

 A known weight (0.2 g) of the fresh leafy stem beads was dipped in liquid nitrogen 

for 5 minutes and then homogenized using TissueLyser ІΙ (QIAGEN). A volume of 2 ml of 

trichloroacetic acid (10 %) was added and mixed using a vortex. After vigorous shaking, 

the tubes were kept in an ice bath for 5 minutes. Then, the samples were centrifuged twice 

at 2500 g for 20 minutes at 4 ᵒC and the supernatant was collected.  

Reagents preparations: 

- Folin-ciocalteau reagent was purchased from commercially (VWR, Cat.No. 

31360.264) and stored in a refrigerator. The reagent was diluted 10 times using distilled 

water. 

- Trichloroacetic acid was prepared as 10 % (v/v) by dissolving 10 g of 

trichloroacetic acid (TCA) in distilled water and bringing the final volume to 100 ml. 

  Stock standard was prepared by dissolving 50 mg of ascorbic acid in 50 ml of 

distilled water. The working standard was prepared by diluting 10 ml of stock solution to 

100 ml with distilled water achieving the final concentration of 100 µg/ml. 

Spectrophotometric estimation: 

 To 0.5 ml of the above extract, 1.5 ml of distilled water was added. At the same 

time, standards were prepared by taking 0, 0.4, 0.8, 0.1.2, 1.6, and 2.0 ml of the working 

standard. The volumes of standards then were brought to 2.0 ml using distilled water with 

2.0 ml of distilled water serving as a blank. After diluting, 2.0 ml of 10-times diluted Folin-

Ciocalteau reagent (1/10 v/v) was added to each sample and standards tubes which were 

thoroughly shaken. After 10 minutes the developed blue colour was measured 

spectrophotometrically (SPECTRONIC 200, Thermo Fisher) at 760 nm using. The 

calibration curve was plotted using data for standards and used for estimation of the amount 

of ascorbic acid in the sample tubes (expressed as mg/g dry weight). 
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3.3.4.3 Determination of α-tocopherol (vitamin E) 

 In the living cell, vitamin E occurs in eight different forms, four of them known as 

tocopherols and the other four represent tocotrienols. Tocopherols and tocotrienols are fat-

soluble antioxidants. The α-tocopherol is the form of vitamin E that is preferentially 

absorbed and accumulated and hence its content was estimated following the method 

recommended by Kivcak and Mert (2001). The method is based on the reduction of ferric 

to ferrous ion which then forms a red colour with the 2,2′-Dipyridyl reagent. The developed 

red colour can be measured at 522 nm.  

Sample extraction: 

 A known weight (0.2 g) of the fresh leafy stem beads was grinded in liquid nitrogen 

using a mortar and pestle. Then 2.0 ml of chloroform was added and well-mixed using a 

vortex. The samples were filtered using filter paper and the clear extract was collected.   

Reagents preparations: 

- 2,2′-Dipyridyl reagent was prepared by dissolving 0.125 g of 2,2′-Dipyridyl 

(Sigma-Aldrich, Cat.No. D216305) in 25 ml of absolute ethyl alcohol. The reagent was 

stored in a dark bottle in the refrigerator until use. 

- Ferric chloride reagent was prepared by dissolving 0.2 g of ferric chloride 

hexahydrate (FeCl3.6H2O, Sigma-Aldrich, Cat.No. 236489) in 100 ml of absolute ethyl 

alcohol and stored in a brown bottle in a refrigerator. 

 Stock standard was prepared by dissolving 50 mg of α-tocopherol (Sigma-Aldrich, 

Cat.No. 47783) in 50 ml of absolute ethanol. The working standard was prepared by diluting 

10 ml of stock solution to 100 ml with absolute ethanol achieving a final concentration of 

100 µg/ml. 

Spectrophotometric estimation: 

 To 1.0 ml of extract, 100 µl of 2,2′-Dipyridyl was added. After being mixed well, 

100 µl of ferric chloride solution was added and vigorous shaking was applied for 10 

seconds. Thereafter, the tube was left for another 50 seconds before the spectrophotometric 

measurement was conducted at 522 nm using (SPECTRONIC 200, Thermo Fisher). 

Standards were prepared by taking 0, 0.2, 0.4, 0.6, 0.8, and 1.0 ml of the working standard. 

https://en.wikipedia.org/wiki/Vitamin_E
https://en.wikipedia.org/wiki/Tocotrienol
https://en.wikipedia.org/wiki/Antioxidant
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The volume of standards then was brought to 1.0 ml using distilled water and 1.0 ml of 

distilled water served as a blank. The calibration curve was plotted as described above and 

used for estimation of α-tocopherol in samples that was expressed in mg/g dry weight. 

3.3.4.4 Determination of betalains  

 Betalains are water-soluble pigments occurred in the vacuole of the plant cell (only 

within plants of the Caryophyllales and some Basidiomycota (mushrooms)). Chemically, 

they are aromatic, indole-derived pigments (they are related to alkaloids and derived from 

the amino acid tyrosine) of two categories: betacyanins (reddish to violet) and betaxanthins 

(yellow to orange). They can be extracted using acidified methanol (or another organic 

solvent) where the low pH ranges 5-5.5 at which betalains are more stable. Betalains content 

was quantified following the method described previously by Stintzing et al. (2003). The 

extraction procedures then followed by partitioning with chloroform to help in removing 

lipids, carotenoids, chlorophyll pigments and other non-polar compounds.  Thereafter, a 

spectrophotometric measurement is applied at 538 and 480 nm the absorption maxima for 

betacyanins and betaxanthins, respectively.  

Sample extraction: 

 A known weight (0.5 g) of the fresh leafy stem beads was extracted in 3 ml of 

acidified methanol (1% HCl v/v) in darkness under occasional shaking for 24 hours at 4 ᵒC. 

The mixture was centrifuged, and the supernatant was collected.  

Reagents preparations:  

- Acidified Methanol was prepared by adding 1.0 ml of concentrated hydrochloric 

acid to 99 ml of absolute ethyl alcohol (1% HCl in Ethanol, v/v). 

Spectrophotometric estimation: 

To 2.0 ml of extract, 2.0 ml of distilled water and 3 ml of chloroform were added 

and mixed well. Centrifugation was applied for 15 minutes at 2500 g and the absorbance of 

the upper phase was read at 540 and 480 using BMG LABTECH/SPECTROstar Nano 

spectrophotometer. The concentration of betalains was calculated a sum of both betacyanins 

and betaxanthins concentrations. The concentration of the individual components of 

betalains was computed from the following formula: 
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 Betacyanins (Betaxanthins) content (in mg/L) =  
(𝐀 × 𝐃𝐅 × 𝐌𝐖 × 𝟏𝟎𝟎𝟎)

(𝝐 ×𝒊)
 , 

where: A= A540nm – A650nm (for betacyanins) and/or A480nm – A650nm (for betaxanthins); 𝐃𝐅 

is the dilution factor; 𝐌𝐖 is the molecular weight (550 g/mol for betacyanins and 339 g/mol 

for betaxanthins); 𝝐  is the molar extinction coefficient in L mol-1 cm-1 which is equal to 

60,000 in case of betacyanins and to 48,000 for betaxanthins; 𝒊 is the path length  (1cm) of 

the cuvette. 

3.3.4.5 Determination of total flavonoids and confirming 

anthocyanins absence  

Anthocyanins are water-soluble pigments that occur in the vacuole of plant cell and 

never occur in plants in an accompaniment to betalains. Betalains contain nitrogen but 

anthocyanins do not. Anthocyanins are synthesized via the phenylpropanoid pathway and 

chemically they belong to flavonoids. Total flavonoids and anthocyanins content were 

measured using the method recommended elsewhere (Richardson 1990; Harborne 1998) for 

flavonoids and (Mancinelli et al. 1991) for anthocyanins. Both flavonoids and anthocyanins 

were extracted using acidified methanol at low pH ranges (5-5.5) at which pigments are 

more stable. The extraction procedures then followed by partitioning with chloroform to 

help in removing lipids, carotenoids, chlorophyll pigments and other non-polar compounds.  

Thereafter, a spectrophotometric measurement was applied at 374 nm for flavonoids and 

both 530 nm (peak of absorption of anthocyanins) and 657 nm (peak of absorption of 

chlorophyll in acidic methanol) for anthocyanins.  

Sample extraction: 

Total flavonoids and anthocyanins measurements had used the same extract of 

betalains. A known weight (0.5 g) of the fresh leafy stem beads was extracted in 3 ml of 

acidified methanol (1% HCl v/v) in dark under occasional shaking for 24 hours at 4 ᵒC. The 

mixture was centrifuged, and the supernatant was collected. 

Reagents preparations:  

- Acidified methanol was prepared by adding 1.0 ml of concentrated hydrochloric 

acid to 99 ml of absolute ethyl alcohol (1% HCl in Ethanol, v/v). 
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Spectrophotometric estimation: 

 To 2.0 ml of extract, 2.0 ml of distilled water and 3 ml of chloroform were added 

and mixed well. Centrifugation was applied for 15 minutes at 2500 g and the absorbance of 

the upper phase was read at 374 nm for flavonoids and 530 and 657 nm for anthocyanins 

using BMG LABTECH/SPECTROstar Nano spectrophotometer. The concentration of total 

flavonoids was expressed in terms of quercetin equivalents from the following formula and 

expressed as mg/g fresh weight: 

Total Flavonoids = (A374nm × Dilution Factor) / 76.6 

 where 76.6 mol/cm is the absorption coefficient for flavonoids. 

 The anthocyanins content was calculated from the following equation in terms of cyanidin-

3-glucoside equivalents and expressed as mg/g fresh weight:  

Total Anthocyanins = ((A530nm – 0.25 A657nm) × Dilution Factor) / 98.2 

 where 98.2 mol/cm is the absorption coefficient for anthocyanins. 

3.3.5 Mineral ions content 

3.3.5.1 Determination of sodium (Na+) and potassium (K+) 

content 

 Sodium (Na+) and Potassium (K+) ion content in succulent stems (shoot) sap tissue 

and/or outer and inner stem tissues were estimated by flame photometry (Overman and 

Davis 1947) after being extracted using the proper extraction method.  

Sample extraction: 

- For shoot sap ion content  

 Na+, K+ and Cl- ion content in succulent stems (shoot) sap tissue were extracted 

using the freeze-thaw method as described elsewhere (Cuin et al. 2009; Adem et al. 2014). 

Shoot samples were harvested and rinsed thoroughly then frozen at −20°C. The frozen 

samples were thawed, and the sap squeezed from the tissue using a pointed glass rod. After 

centrifugation, the sap samples were diluted × 200 times with distilled water and used for 

ion determination. 
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- For ion content in outer and inner leafy stem tissues 

 After thorough washing, the outer (epidermis, palisade tissue and water-storage 

area) tissues and inner (endodermis-like layer, internal photosynthetic layer and stele 

(vascular cylinder)) tissues of the leafy stem were separated mechanically (Fig. 3.6) using 

a razor and dried in the oven at 60 ᵒC for 3 days. Dried samples were grinded using a mortar 

and pestle and weighed. An aqueous extraction of different minerals was applied, a volume 

of 10 ml of distilled water was added to each sample and boiled in a water bath for 3 h 

(Chaudhary et al. 1996). Afterwards, the samples were centrifuged at 2500 g for 15 min. 

The supernatant was collected and brought up to the primary volume and used for Na+, K+ 

and Cl- determination. 

Flame photometry measurement: 

Sodium and potassium standards were prepared at the concentration of 0.1, 0.2, 

0.3, 0.4, 0.5, 1, 2 and 5 mM from NaCl and KCl for sodium and potassium, respectively, 

and a calibration curve was plotted. The flame photometer was calibrated for each metal ion 

(Na+ or K+) using their relevant standards prior to the measurements. The concentrations of 

sodium and potassium in samples were estimated using a calibration curve and corrected 

for the dilution factor applied.  

 

3.3.5.2 Determination of chloride (Cl-) 

Chloride concentration of the aqueous extract was estimated with a Cl- 

microelectrode using the MIFE technique as described earlier (Chakraborty et al. 2016; 

Hasanuzzaman et al. 2019). Chloride microelectrodes were prepared using a selective Cl- 

liquid ion ionophore (LIX, Sigma-Aldrich, 99408). Concentrations were obtained in mM 

and then converted to mg/g dry weight. 
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3.4 Physiological measurements 

3.4.1 Osmolality measurements 

The osmolality of the leaf sap was determined using a vapor pressure osmometer 

(Vapro, Wescor Inc., Logan, UT, USA) as described by Sweeney and Beuchat (1993).  

Leafy stems (shoot) samples were harvested and rinsed thoroughly with tap water to 

remove any drizzle remaining from the salt irrigation solutions. The samples were blotted 

dry and placed into 10 ml centrifuge tubes and stored at – 20 ᵒC. Afterwards, the frozen 

samples were thawed, and the sap squeezed from the tissue using a pointed rod (Cuin et al. 

2009; Adem et al. 2014). After centrifugation, the sap samples were collected and used 

(without dilution) in the measurement. 

The osmometer was calibrated using three relevance standards (100, 290 and 1000 

mmol/kg) prior to the samples feeding and 10 microliter sample of the test solution was 

used in the measurements. Four samples were analysed for each salt treatment and 

osmolality was expressed in mmol kg–1.  

 

Figure 3.6: Mechanical separation of outer (blue 

arrowhead) and inner (orange arrowhead) tissues of 

Sarcocornia quinqueflora succulent leafy stem.  
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3.4.2 Transpiration rate 

 The daily transpiration rate was calculated on a gravimetric basis (Viégas et al. 

2001; de Araújo et al. 2006) for subsequent four days and expressed in g H2O/g DW/day. 

Prior to the first measurements (2 h earlier), plants were saturated by their relevant salt 

concentration (0-1000 mM NaCl) and the whole pot was sealed in a plastic bag to prevent 

surface evaporation (Fig. 3.7). The loss in the pots weight (g) was recorded after 24 h using 

a digital balance (AND, FS-15KA). The latter step was repeated for more subsequent three 

days. To determine their dry weight, the succulent shoots were kept in a drying oven at 60 

℃ for 4 days.  

 The transpiration rate per each day was calculated according to the following 

equation: 

𝑇𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  
(𝑊1 − 𝑊2)

𝐷𝑊 × 𝐷𝑎𝑦
   (g H2O/g DW/day) 

Where, W1 - initial pot weight; W2 - pot weight 24 h later; DW – shoot dry weight.   

 

 

Figure 3.7: Measuring transpiration rate (g H2O/g DW/day) on a gravimetric basis. (A, 

B&C) showing the whole pot being sealed in a plastic bag to prevent surface evaporation. 

The loss in the pots weight (g) was recorded for subsequent four days. 
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3.5 Morpho-anatomical features  

 Both morphological and anatomical examinations were performed after 18 weeks 

of salt treatments once the changes became obvious. The change in leafy stem colour along 

with bead ageing development under different salt treatments were observed and images 

taken. Cross-sectioning of different leafy stem regions (bottom, middle and top; Fig. 3.8) 

were performed by hand. The bead sections then were washed in distilled water before 

staining to remove the cutting residues of plant pigments. The prepared sections stained in 

TBO (Toluidine Blue 0.1%) for 30 sec (Lux et al. 2015) to assess changes in S. quinqueflora 

leafy stem tissues in the top, middle and bottom regions with elevated salt treatments (0 – 

1000 mM NaCl). Stained sections were then washed thoroughly for three subsequent times 

with distilled water and mounted on a glass slide for examination and imaging using Leica 

Microsystems (CMS GmbH Ernst-Leitz-Str. 17-37, Model DMi8). ImageJ software 

(ImageJ 1.52a, Wayne Rasband, National Institute of Health) was used to measure the 

diameter of different bead tissues. 

 

 

 

 

 

 

Figure 3.8: Different leafy stem regions (bottom, middle and top) of Sarcocornia 

quinqueflora succulent shoot after 18 weeks of treatment with 200 mM NaCl as used in 

morpho-anatomical study. Scale bar is 1 cm. 
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3.6 Scanning electron microscopy (SEM) of Sarcocornia 

quinqueflora bead surface   

 To identify crystalline material components of S. quinqueflora bead surface, the 

scanning electron microscopy (SEM) was used on a FEI MLA 650 SEM at the Central 

Science Laboratory, University of Tasmania. Stem sections (Fig. 3.9) of plants grown under 

0 and 800 mM NaCl were cut with scissors and attached to a 12 mm diameter aluminium 

pin SEM mount using a PELCO conductive carbon double-sided sticky tab (Fig 3.9 C). The 

sample was imaged uncoated in variable pressure mode at 60 Pa water vapour pressure and 

15 kV accelerating voltage using a FEI backscattered electron (BSE) detector. Energy 

dispersive x-ray spectra (EDS) were acquired in the rectangular areas shown in the BSE 

image (Fig 3.9 C) using a Bruker Quantax Esprit 2.1 EDS system with two XFlash 5030 

detectors. 

 

 

 

 

 

Figure 3.9: Scanning electron microscopy (SEM) of Sarcocornia quinqueflora bead 

surface. Stem sections of plants grown under 0 (A) and 800 (B) mM NaCl. In C sections 

beads indicated by arrows in A and B are located on SEM mount prepared for the 

measurements. Red squares in C indicate regions where images were taken for Energy 

dispersive x-ray spectra (EDS) analysis. 
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3.7 Electrophysiological measurements 

 Sarcocornia quinqueflora plant has an interesting anatomical structure with two 

distinct layers: an additional photosynthetic layer and a suberized endodermis-like layer 

separating senescing and non-senescing tissues of their succulent leafy stems. A set of 

electrophysiological experiments had been conducted to compare kinetics of net K+ and 

Ca2+ fluxes from different S. quinqueflora succulent stem tissues (Fig. 3.10 A, B) in 

response to  oxidative stress using the non-invasive Microelectrode Ion Flux Estimation 

(MIFE) technique (University of Tasmania, Hobart, TAS).  

3.7.1 Identification of different bead tissues of Sarcocornia 

quinqueflora  

 Cross-sections of the S. quinqueflora succulent stems' bead were assessed for 

anatomical structure identification. The defined bead tissues are shown in Fig. 3.10 and 

include outer tissues (epidermis - E, palisade tissue - Pa, water storage tissue - WS), 

endodermis-like barrier - ED, and inner tissues (internal photosynthetic layer - IP and stele 

(vascular cylinder) - S).   

  

 

Figure 3.10: Sarcocornia quinqueflora succulent bead tissues showing (A) outer and 

inner tissues assessed using the Microelectrode Ion Flux Estimation (MIFE) technique 

applied for measuring kinetics of K+ and Ca2+ fluxes in response to oxidative stress. (B) 

A magnification of inner tissues used in the measurements. Abbreviations: E - 

epidermis, Pa - palisade tissue, WS - water storage tissue, ED - endodermis-like layer, 

IP - internal photosynthetic layer, S - stele, and H - hollow. Scale bars are 500 µm for 

A and 200 µm for B. 
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3.7.2 Microelectrode Ion Flux Estimation (MIFE) technique  

 In the last decade, non-invasive microelectrode ion flux measurements have become 

a popular tool in studying adaptive responses of plant cells and tissues to a large number of 

abiotic stresses (Wang et al. 2018; Shabala et al. 2016; Zeng et al. 2018). The theory of non-

invasive MIFE ion flux measurements was reviewed earlier (Newman 2001; Shabala 2006). 

The MIFE system components and the supplementary equipment required for flux studies 

are shown in detail in the methods provided in earlier publications (Shabala 2006; Shabala 

et al. 2012). Briefly, if an ion is extruded from the measured tissue, its concentration in the 

proximity of the tissue surface will be higher than further away; also, if the ion is taken up 

by the tissue, its concentration close to the tissue will be lower. Ions in solution move down 

a concentration gradient and also down an electrical potential. Consequently, if the 

combined electrochemical potential gradient is measured, the net ion flux (mmol m-2 s-1) 

can be calculated from that gradient using the Nernst equation (Newman 2001):  

J = c u z F g (dV/dx),  

where c is ion concentration (mol m-3); u is the ion mobility (m s-1 per Newton mol-1); z is 

the ion’s valence; F is the Faraday number (96500 C mol-1); g is a factor found from the 

measured Nernst slope for the electrode during calibration; dV the voltage gradient 

measured by the electrometer between two positions (V); dx is the distance between two 

positions (m).  

 The principle of the MIFE technique is the use of slow square-wave movement of 

ion-selective electrode probes between two positions, close to (position M1), and distant 

from (position M2) the sample surface. Voltage characteristics are recorded at the two 

positions and converted into concentration parameters using the calibrated Nernst slopes of 

the electrodes. Net fluxes of specific ions can then be calculated from the measured voltage 

gradient at the surface. Different equations are used for objects of different basic geometry 

(Newman 2001; Shabala 2006) with a cylindrical profile being used in the current study. 

MIFEFLUX software (University of Tasmania, Hobart, Australia) automatically performs 

the required calculations and provides tabulated results of measurements as net ion fluxes 

(nmol m-2 s-1) for import into an ASCII-format spreadsheet. The MIFE system components 

and the supplementary equipment required for flux studies are shown in detail in the 

methods provided by (Shabala et al. 2012).  
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 For conducting successful measurements using the MIFE technique, a set of 

consequent steps were undertaken:  

3.7.2.1 Fabricating ion-selective microelectrodes  

 Borosilicate glass capillaries (GC 150-10, Harvard Apparatus Ltd., Kent, UK) were 

pulled out using a vertical puller (PP830, Narishige, Japan) to yield < 1 µm diameter tips. 

The pulled electrode blanks were cooked overnight in an oven at 225 ᵒC and silanised using 

tributylchlorosilane (Sigma-Aldrich, Cat.No. 282707) which brought hydrophobic 

properties to the electrode blanks facilitating the entry of the hydrophobic Liquid Ionophore 

Exchangers (LIXs). Cooled electrode blank was positioned on a filling station under the 

microscope and its sharp tip was flattened by moving against a flat glass surface achieving 

a tip diameter of 2-3 µm. The fabricated blank electrode was then back filled with the 

electrolyte and front filled with the respective LIX. Prepared microelectrodes were stored 

in the experimental solution ready for calibration. Net fluxes of K+ and Ca2+ were measured 

from plant tissues using non-invasive microelectrodes. Commercial LIX cocktails we used 

to fabricate K+ and Ca2+ electrodes (catalogue numbers 60031 and 99310, respectively) . 

Fluxes of ions were measured simultaneously and essentially from the same site on the plant 

tissue.  

3.7.2.2 Microelectrodes calibration 

 A set of three standards for each ion were prepared in the range covering 

concentrations measured. A reference electrode was fabricated by inserting a galvanized 

silver into a glass capillary (with ca 50 µm tip diameter) filled with 1 M KCl in 2 % agar 

and sealing the other side with parafilm for stability. The electrodes were mounted on the 

MIFE set-up and calibrate each in a set of three calibration solutions. The electrodes with a 

slope less than 50 mV per decade for monovalent ions and less than 25 mV per decade for 

divalent ions and correlation below 0.999 were discarded. Electrodes were prepared and 

used on daily basis. 

3.7.2.3 Sample preparation for MIFE measurement 

 The glasshouse experiments using different salt levels for growth showed the best 

growth in the presence of 200 mM NaCl. Therefore, the latter plants were used for the MIFE 

measurements. The plant was brought to the lab and the bead was cut first vertically at the 
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middle using a razor and then horizontally at 4 mm distance to yield semi-cylindrical cuts. 

These cuts were dipped in Basic Salt Medium (BSM) containing 0.1 mM CaCl2, 0.5 mM 

KCl and 200 mM NaCl and kept overnight for tissue recovery. 

3.7.2.4 Screening for adequate BSM concentration and/or sample 

incubation time for the best initial flux 

 A set of preliminary experiments was conducted to confirm the proper BSM 

concentration is used under initial experimental conditions (before application of any 

stress). To achieve this, different concentrations of CaCl2 and KCl (0.1, 0.2, 0.3, 0.4, 0.5 

and 1 mM) on a background of 200 mM NaCl were screened as a BSM and the best with 

the near zero initial flux was used. Also tested was time required for tissue recovery after 

dissection and before the flux measurement initiation. Finally, the suitable BSM was 

considered to conduct all the measurements. In addition to un-buffered BSM listed above, 

a buffered BSM (containing MES and Tris buffers at low levels) was used to ensure pH 

control of the experimental solution during the measurements. The buffered BSM chosen 

for experiments contained: 0.4 mM MES hydrate adjusted to pH 5.6 with Tris (Trizma 

Base). 

3.7.2.5 Conducting measurement 

 The plant material was immobilised in a measuring chamber containing appropriate 

BSM for the measurements (see section 3.7.2.4 for details). The microelectrode tips were 

co-focused and positioned 20-40 µm away (depending on a protocol) from the plant tissue 

to be measured. The initial flux was measured in appropriate BSM using the MIFE 

technique for 7 minutes and then a stressor was applied, and the flux measurements 

continued for another 40 minutes. Oxidative stress was applied to test responses in different 

succulent stem tissues. This was done by using hydrogen peroxide - H2O2 (20 mM final 

concentration in the measuring chamber) or by means of hydroxyl radical - OH• (generated 

as a product of the mixture of 1 mM Sodium-L-Ascorbate and 0.3 mM CuCl2).  

The CHART software was used for data acquisition and the MFLUX software was 

used for flux calculation assuming cylindrical geometry of the tissue (Newman (2001), for 

details).  
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3.8 Statistical analysis 

The statistical significance of data was determined by analysis of variance 

(ANOVA). The significance of difference was compared at 5% probability level using 

Statistix 8.1 (Analytical Software) software. Microsoft 365 Excel was used for correlation 

analysis. The values are given as means with standard errors when indicated and  different 

letters represent significant differences at LSD 0.05. 
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Chapter 4 

The whole-plant responses of Sarcocornia 

quinqueflora to soil salinity  

 

Abstract 

 Succulent halophytes can be used as convenient models for understanding the 

mechanistic basis of plant adaptation to salt stress. In this work, the effects of salinity (0 – 

1000 mM NaCl) on growth, ion accumulation and stomatal features in the succulent 

halophyte Sarcocornia quinqueflora were investigated. Elevated salinity levels up to 400 

mM NaCl largely promoted dry matter yield, succulence, shoot surface area and stomatal 

measurements. Growth was optimal at 200 mM NaCl, while growth was reduced at 

concentrations exceeding 600 mM NaCl. The osmolality of shoot sap increased as salinity 

increased from 0 to 1000 mM NaCl. Osmotic adjustment in succulent shoot was achieved 

by massive accumulation of inorganic ions, with Na+ and Cl- contributing 85 % of its 

osmolality, while organic compatible solutes and K+ were responsible for only 15%. Shoot 

K+ was unchanged across the entire range of salinity treatments (200–1000 mM NaCl) and 

positively correlated with transpiration rate (R= 0.98). Carbohydrates were not reduced at 

high salinity compared to plants at optimal conditions, implying that growth retardation at 

severe salt dosages was attributed to limitations in vacuolar Na+ and Cl- sequestrations 

capacity rather than inadequate photosynthesis and substrate limitation. It is concluded that 

superior salt tolerance of S. quinqueflora is achieved by effective reliance on Na+ and Cl-  

accumulation for osmoregulation and turgor maintenance, and an efficient K+ homeostasis 

for adequate stomatal function.  

4.1 Introduction 

 Succulent halophytes are useful physiological models for understanding plant 

adaptation to salinity stress. As such plants have to cope with physiological drought induced 

by higher salt concentration in their saline habitat rather than the physical water scarcity that 

face drought-avoidance succulents (Males 2017), they exhibit an exceptional ability to 

conserve water and dilute enormous salt concentration in their susceptible tissues. 
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Understanding the mechanistic basis of these processes is important for improving water 

use efficiency (WUE) in crop plants that undergo a salt-induced physiological drought under 

saline condition. Halophytes are unique in their water use strategies, and succulence is an 

essential trait to achieve this (Males 2017). Although leaf/stem succulence is a typical 

visible characteristic of both euhalophytes and xerophytes, the two groups have different 

strategies to drive succulence formation (Yuan et al. 2019). While succulence in xerophytes 

is induced by a carbon gradient due to the accumulation of organic compounds (North and 

Nobel 1998), succulence in halophytes is driven by ion accumulation in their vacuoles 

(Yuan et al. 2019). In this regard, Ogburn and Edwards (2010) suggested that succulence in 

halophytes is primarily a by-product of ionic accumulation in enlarged vacuoles. However, 

the molecular mechanisms that mediate salt deposition in succulent storage tissues still 

obscure (Zhao et al. 2020). Aquaporins seem to play an important role in this process (North 

et al. 2004), and some halophyte species had showed an increase in succulence due to the 

increase activity of aquaporins. Accordingly, the turgor-driven mechanism was suggested 

in succulent halophytes due to Na+ accumulation in the vacuole being correlated with the 

presence of aquaporins in the plasma membrane (Chen et al. 2010; Yang et al. 2010; Qi et 

al. 2009).  

 Several traits govern the performance of any plant under salinity stress; these are 

related to leaf gas exchange (transpiration and photosynthesis-related CO2/O2 exchange), 

ionic relations (transmembrane transport, sequestration, homeostasis), and water relations 

(osmotic adjustment, turgor changes) (Koyro et al. 2008). Succulent halophytes also have 

other morphologic and anatomic features to enable their efficient response to salt in the 

surrounding medium. For instance, some succulent halophytes such as plants of the tribe 

Salicornieae (Chenopodiaceae) developed an internal layer of chlorenchyma rich in 

chloroplasts (Redondo-Gómez et al. 2005). They may also have a special type of cells (water 

storage cells) with great cell wall plasticity to enable cell expansion. Rabhi et al. (2010) 

showed that succulent halophytes typically possess specific cells with extensible vacuoles 

to sequestrate excessive ions (mainly Na+ and Cl-), to keep the cytosol under toxic levels of 

these ions (Lv et al. 2012). Typically, the plant cell wall determines cell size and shape 

through the mechanical control of cell expansion. Salt exposure affects largely proteins that 

are involved in the biosynthesis or remodeling of cell wall polymers (Le Gall et al. 2015). 

The modulation of cell wall extensibility is thought to be regulated through cell wall-specific 
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proteins such as xyloglucan endo-β transglucosylases/hydrolases, endo-1,4-β-D-glucanase, 

and expansins (Eklöf and Brumer 2010; Sampedro 2005). In addition, cell wall-modifying 

enzymes such as those involved in modifying pectin (pectin methylesterase, 

polygalacturonase, pectin/pectate lyase-like and pectin acetylesterase) take part in 

controlling cell wall plasticity (Sénéchal et al. 2014). The strength and rigidity of the 

secondary cell walls depend on the availability of ROS generated by laccases and cell wall 

peroxidases, enhancing the random cross-linking of monolignols, lignin precursors, through 

oxidative polymerization (Vanholme et al. 2010; Hamann 2012). The cell growth and 

expansion might also be governed by other several aspects such as: (1) 

demethylesterification of cell wall pectins, where the binding of Na+ to the substrate sites 

of pectin methyl esterases (PMEs) affects the process and thus inhibits the overall cell 

growth (Byrt et al. 2018; Nari et al. 1991; Zhao et al. 2020); (2) replacement of the apoplastic 

Ca2+ by Na+ that affects and interferes with pectin cross-linking (Byrt et al. 2018) resulting 

in a reduced cell expansion (Proseus and Boyer 2012); (3) alkalinization of the apoplast that 

is usually induced by high salinity, while apoplastic acidification is required to promote the 

cell expansion (Zhao et al. 2020). The regulation of expansin activities is thought to have a 

great influence on apoplastic pH and, hence, cell growth (Byrt et al. 2018). Generally, 

expansins are known to enable cell expansion by loosening cell walls under a variety of 

environmental stresses, including high salinity and drought stress (Wu and Cosgrove 2000). 

 The expansion capacity of succulent stem cells largely governs the extent of turgor-

induced growth at the organ and tissue levels, and even transcend to affect the size of surface 

structures such as epidermal cells and stomata. The stomatal density and aperture surface 

area are known to be highly regulated in halophytes (Zhao et al. 2020). In general, 

halophytic plants are known for reducing stomatal number per leaf area beside promoting 

wide opening of stomata (Parida et al. 2004). Stomatal density negatively correlates to salt 

tolerance in many halophytic species (Shabala 2013). A marked decrease in stomatal density 

(about 30%) was recorded for quinoa under saline condition (Shabala et al. 2012; Shabala 

2013; Orsini et al. 2011). Many halophytes decrease stomatal density with elevated salinity, 

such as Kochia prostrata (Karimi et al. 2005), Suaeda maritima (Flowers 1985), Distichlis 

spicata (Kemp and Cunningham 1980), Atriplex halimus and Medicago arborea 

(Boughalleb et al. 2009), and Aeloropus lagopodies and Lasiurus scindicus (Naz et al. 

2010). However, most of the above halophytes are naturally non-succulent so the question 
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of whether the same traits are essential for perennial succulent halophytes remains to be 

answered. 

 Achieving the balance between water loss through transpiration and CO2 

assimilation under saline conditions is also determined by control of stomatal conductance 

(Shabala 2013) which is a function of not only stomatal density but also stomatal size and 

aperture (Zeiger et al. 1987). Stomatal density was found to be positively correlated with 

stomatal conductance (Franks et al. 2009). Therefore, optimizing WUE in plants probably 

can be acquired through reducing stomatal density (Shabala 2013). In that respect,  Franks 

et al. (2015) recorded an increase in WUE (about 20%) with a reduction in stomatal density 

in Arabidopsis mutants that ascribed to an overexpressing the EPF2 (epidermal pattering 

factor) gene.  

 The turgor pressure and osmotic potential of guard cells is directly related to the 

stomatal conductance (Buckley and Mott 2013), hence affecting the transpiration rate. 

Moreover, stomatal aperture is known to be controlled by ABA and H2O2 among many other 

environmental and internal signals (Geilfus et al. 2015). The modulation of the stomatal 

aperture in halophytic plants seems to be much more dynamic and flexible than glycophytes 

given their striking ability to alter ABA levels to operate over a much lower concentration 

range (Hedrich and Shabala 2018), accelerate the stress-induced increases in ROS levels 

(Ellouzi et al. 2011), and substitute K+ by Na+ in stomatal operations (Hedrich and Shabala 

2018). Hence, understanding stomatal patterning and operation mechanisms in succulent 

halophytes could be used as a blueprint for increasing WUE in perennial crops.  

Succulent halophytes are distributed worldwide and observed more often in dicots 

than in monocots (Flowers et al. 1986). The major bulk of them belong to the 

Amaranthaceae under two subfamilies: Chenopodioideae and Salicornioideae (Flowers and 

Colmer 2015). Plants of Salicornioideae are often characterized by succulent articulated 

stems with highly reduced leaves, and flowers aggregated in thick, dense spike-shaped 

thyrses (Kadereit et al. 2006). Under the Salicornioideae, the genus Sarcocornia has 

perennial plants as herbs, subshrubs or shrubs (Steffen et al. 2015), growing erect or 

prostrate (Alonso and Crespo 2008). Sarcocornia was first described in 1978 by A J Scott, 

in order to separate the perennial species from the closely related annual Salicornia (Alonso 

and Crespo 2008). Sarcocornia consists of about 15 species worldwide with a majority 

growing in South Africa and that might have been the geographic origin of the Australian 
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Sarcocornia as suggested by their nuclear internally transcribed spacer (ITS) analysis 

(Kadereit et al. 2005). Sarcocornia quinqueflora is a small succulent shrub with the ability 

to grow for several years (perennial lifecycle) in saline habitat near the coastline, salt 

marshes, sandy beaches and rocky areas (Connor 1984). It was early known as Salicornia 

australis (De Fraine 1913). In Australia, it occurs on the south west and south east areas, 

and also in parts of the Nullarbor Plain, and part of the east coast of Cape York Peninsula 

(Kühn et al. 1993; Wilson 1984). The shoot formed of fleshy articulated stems and no 

foliage leaves could be noticed, therefore the oblong young beads (stem internodes) are the 

main photosynthetic part, and with aging they appear dry and woody (Scott 1977). In this 

work, we used S. quinqueflora as a model species to study the effects of salinity (up to 

double seawater level; 0 – 1000 mM NaCl range) on growth, ion accumulation and stomatal 

features, aiming to understand how the variation in these traits may help plants to increase 

WUE and adapt to extreme salinity levels.  

4.2 Materials and methods 

4.2.1 Plant material and treatments 

 The succulent halophyte S. quinqueflora plants were collected from the South Arm 

coastline region (43°1′42″S 147°25′1″E) of Tasmania. The harvested plants were directly 

transferred to 1L plastic pots containing 70% composted pine bark, 20% coarse sand and 

10% sphagnum peat. Plants were grown under controlled glasshouse condition (temperature 

range 19 to 26 ᵒC; average humidity about 65%; day length 12-14 h) and irrigated 

periodically with tap water in order to maintain the culture medium always at field capacity. 

After some period of recovery, those plants were used as a source for newly asexually 

propagated cuttings. The propagated S. quinqueflora plants were potted in 25 cm pot size 

(one plant per pot) using the above potting mix and grown for a further two weeks. The 

uniform pots were categorized randomly into six groups (15 plants per group) and treated 

with six levels of NaCl solution (0, 200, 400, 600, 800 and 1000 mM). Salinity treatment 

lasted for 10 weeks and was applied at 3-day interval with irrigation water.  

4.2.2 Growth parameters and plant water content   

Growth measurements were conducted after 10 weeks of the treatments. Shoots and 

roots of 4 pots were separated and thoroughly washed under tap water to remove any 
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possible salt deposits on plant surface originating from the salt irrigation solutions, as well 

as remove soil particles the root might bear. Thereafter, samples were laid to dry on paper 

tissues and then the fresh weights of shoots and roots were measured using an analytical 

digital balance (Mettler Toledo, TLE3002). To determine dry weight, samples were kept in 

drying oven for 3 days at 60 ℃ and then weighed again. Also, the water content (WC; g 

H2O/g DW) of the shoot and the root was calculated as the difference between the fresh 

weight (FW) and dry weight (DW) in relation to DW as (FW-DW)/DW. The shoot or root 

to plant ratio was determined on dry weight (DW) basis. The extent of succulence was 

calculated as the ratio of shoot water content per shoot surface area (Jeschke and Stelter 

1983). 

4.2.3 Total shoot surface area  

 The total shoot surface area (cm2) was determined assuming that each stem bead 

(segment) is of cylindrical shape (i.e. leaves are fused to stems) (Moir-Barnetson et al. 2016) 

as 2𝜋𝑟ℎ, where r is the radius of the bead (cylinder segment), h is the bead length. Then the 

total surface area for each individual leafy stem of shoot and its attached branches was 

calculated, and finally these areas assembled to give the total shoot surface area (cm2). See 

general material and methods for more details.  

4.2.4 Stomatal characteristics  

 Stomatal density is a function of both the number of stomata and the size of the 

epidermal cells. The nail-polished imprint of the most expanded cylindrical bead surface 

(middle leafy stem region) was prepared and peeled. The imprint was mounted on a glass 

slide for examination and imaging using Leica Microsystems CMS GmbH Ernst-Leitz-Str. 

17-37, Model DMi8. The number of stomata and the epidermal cells in the field of view 

was counted (30 spots (FOV) from four replicates was considered for each salinity level), 

see general material and methods for detailed procedures. The stomatal and the epidermal 

cell densities were measured (as the number of appropriate cells in the field of view divided 

by the surface area), the stomatal index was calculated as a ratio between the number of 

stomata and total cell number in the field of view. Other stomatal characteristics such as 

aperture and guard cells area and epidermal cell area were measured with ImageJ software 

using the same images collected for stomatal density measurements.  
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4.2.5 Transpiration rate 

 The daily transpiration rate was calculated on a gravimetric basis (Viégas et al. 

2001; de Araújo et al. 2006) for subsequent four days and expressed in (g H2O/g DW/day). 

Before the first day measurements, plants were saturated by their relevant salt concentration 

(0-1000 mM NaCl), and the whole pot was sealed in a plastic bag to prevent surface 

evaporation. The loss in the pots weight (g) was recorded using a digital balance. The 

succulent shoots were kept in a drying oven at 60℃ for 4 days to determine their dry weight. 

4.2.6 Photosynthetic pigments  

 The photosynthetic pigments (chlorophyll a, chlorophyll b and carotenoids ) were 

estimated using the spectrophotometric method as described elsewhere (Metzner et al. 1965; 

Witham and Blaydes 1971). Pigments were extracted from a succulent leafy stem tissue (0.3 

g) in 80% prechilled acetone. After centrifugation (2500 g, 10 minutes), the absorbance of 

supernatant was recorded at the relevant wavelengths (663, 644 and 452 nm) against the 

solvent (80% acetone) blank. The amount of a photosynthetic pigment in the extract was 

calculated using the absorption coefficient as µg per g of fresh tissue through the following 

equations:  

 𝑪𝒉𝒍 𝒂 = [10.3 (𝑨663) − 0.918 (𝑨645)] 𝑥 [𝑉/ (𝑊 𝑥 1000)]  

 𝑪𝒉𝒍 𝒃 = [19.7 (𝑨645) – 3.87 (𝑨663)] 𝑥 [𝑉/ (𝑊 𝑥 1000)]  

 𝑪𝒂𝒓𝒐𝒕𝒆𝒏𝒐𝒊𝒅𝒔 = [4.2 (𝑨452) – (0.0264 𝑪𝒉𝒍 𝒂 +0.426 𝑪𝒉𝒍 𝒃)] 𝑥 [𝑉/ (𝑊 𝑥 1000)]  

Where A represents the absorbance at a specific wavelength, V the final volume of 

chlorophyll extract in 80% acetone and W is the fresh weight of tissue extracted. 

4.2.7 Metabolites and compatible solutes  

4.2.7.1 Determination of carbohydrates  

 Soluble, insoluble and total carbohydrates were measured spectrophotometrically 

using the anthrone-sulphuric acid method (Hedge et al. (1962). Total carbohydrates were 

extracted by boiling shoot or root dry matter for 3 h in 5 ml of hydrochloric acid with a 

concentration of either 4 N (for shoots) or 2 N (for roots). For soluble carbohydrates distilled 

water used as an extraction medium instead of acidic one. The anthrone-sulphuric acid 

reagent was added to supernatant and the developed green to dark green colour then was 

measured spectrophotometrically at 630 nm. The amount of total and soluble carbohydrate 
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in the sample tube was calculated using a glucose calibration curve and then expressed as 

mg/g DW. Insoluble carbohydrates were calculated by deducting the amount of soluble 

carbohydrates from those of total carbohydrates for the same sample. Detailed in general 

materials and methods chapter.  

4.2.7.2 Determination of proteins  

 Soluble, insoluble and total proteins were measured using the spectrophotometric 

method so known as Lowry`s method (Lowry et al. (1951). Soluble proteins were extracted 

by boiling shoot or root dry samples for 3 h in 5 ml of distilled water. The water-insoluble 

proteins were extracted by adding 5 ml of sodium hydroxide with a concentration of (1 N) 

to the residue resulted from water-soluble protein extraction. The Folin-ciocalteau reagent 

was added to supernatant and the developed blue colour was measured 

spectrophotometrically at 700 nm. The amount of soluble and insoluble proteins in the 

sample tube was calculated using a calibration curve of bovine serum albumin and then 

expressed as mg/g DW. Total proteins were calculated by adding amounts of soluble and 

insoluble proteins of the same sample.  

4.2.7.3 Determination of total free amino acids  

 Total free amino acids were measured using the spectrophotometric method (Moore 

and Stein 1948; Misra et al. 1975; Theymoli and Sadasivam 1987). The total free amino 

acids were quantified using the same water extract that was used for the determination of 

soluble carbohydrates. Ninhydrin reagent was added to the extract and incubated in a boiling 

water bath for 30 minutes. After the development of bluish-purple colour, the absorbance 

was measured at 570 nm. The amount of total free amino acids in the sample tube was 

calculated using glycine calibration curve and then expressed as mg/g DW.   

4.2.7.4 Determination of proline  

 Free proline was measured using the spectrophotometric method (Bates et al. 1973). 

Shoot and root samples were treated with 5 ml of 3 % sulphosalicylic acid for 3 hours at 

room temperature. Acid ninhydrin reagent was added to the supernatant and incubated in 

water bath (100 ᵒC) for an hour. After the development of the red colour, the reaction was 

terminated by placing the tubes in an ice bath. Two ml of toluene was added to the reaction 

medium and was stirred vigorously for 30 seconds. The toluene layer then was separated 
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containing the red chromophore and was warmed to room temperature. The intensity of the 

red colour was measured at 520 nm. The amount of proline in the sample tube was calculated 

using L-proline calibration curve and then expressed as µmol/g DW.   

4.2.8 Shoot sap mineral ions content  

 Na+, K+ and Cl- ion content in succulent stems (shoot) sap tissue were extracted 

using the freeze-thaw method as described elsewhere (Cuin et al. 2009; Adem et al. 2014). 

Shoot samples were harvested and rinsed thoroughly then frozen at −20°C. The frozen 

samples were thawed, and the sap squeezed from the tissue using a pointed glass rod. After 

centrifugation, the sap samples were diluted × 200 times with distilled water. Na+ and K+ 

ion contents were estimated using a Flame photometer (MODEL PFP7 Flame photometer; 

Jenway, Essex, UK) and expressed in mM. Chloride concentration of sap shoot extract was 

estimated with a Cl-microelectrode using the MIFE technique as described by earlier 

(Chakraborty et al. 2016; Hasanuzzaman et al. 2019). Chloride microelectrodes were 

prepared using a selective Cl- liquid ion ionophore (LIX, Sigma, 99408-01). 

4.2.9 Osmolality measurements  

 The osmolality of the leaf sap was determined using a vapor pressure osmometer 

(Vapro, Wescor Inc., Logan, UT, USA). The osmometer was calibrated using three 

relevance standards (100, 290 and 1000 mmol/kg) prior to the samples feeding. About 10 

microliter sample of the solution to be tested was pipetted onto a small, solute-free paper 

disc lied in the apparatus chamber. Then, the sample chamber was sealed and the osmometer 

reading hence was recorded and osmolality was expressed as mmol kg–1.  

4.2.10 Statistical analysis 

 The values are given as means with standard errors when indicated, and statistical 

significance of data was determined by analysis of variance (ANOVA). Significance 

difference was compared at 5 % probability level using Statistix 8.1 (Analytical Software, 

Tallahassee, FL, USA) software. 
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4.3 Results 

4.3.1 Growth and water content 

 The growth of S. quinqueflora was poorest in the absence of NaCl in the growth 

media (Fig. 4.1) and had smaller dry weight (DW) compared with plants grown at NaCl 

concentrations up to 600 mM NaCl had (Fig. 4.1 A). The peak of DW in both roots and 

shoots was recorded at 200 mM NaCl (9- and 4-folds increase relative to zero salt in shoots 

and roots, respectively). The highest salt level (1000 mM NaCl) resulted only in around 

20% reduction in biomass compared  with non-saline conditions, in both shoot and root.  

 Plants with a higher proportion of shoots to total plant weight can collect more light 

energy, while those with a higher proportion of roots can compete more effectively for soil 

nutrients. A different contribution of either shoot or root to the total dry biomass (shoot or 

root/plant DW ratio) was recorded with our experimental condition (Fig. 4.1 B). A higher 

proportion of shoot/plant DW (indicative for growth functions) was recorded under the 

optimal salt range (200 - 400 mM NaCl) and progressively decreased up to 1000 mM NaCl. 

The ratio at no salt condition was almost the same of that recorded at the highest salt level 

(1000 mM NaCl). The root/plant DW (indicative for supportive functions) ratio showed 

opposite trend with all treatments.  

 The shoot water content (Fig. 4.1 C) was maximal at 200 mM NaCl and exhibited 

a linear reduction in response to the increased salt dosages. In roots, changes in water 

content were parabolic, peaking at concentrations between 400 and 600 mM NaCl (Fig. 4.1 

C). The relative contribution of plant water to whole-plant fresh weight ranged between 79.8 

and 90.1% (calculated as (FW-DW/FW)x100). 

4.3.2 Photosynthetic pigments 

         The concentration of Chl a and carotenoids (Fig. 4.1 D) decreased markedly at optimal 

salt levels (200 and 400 mM NaCl) and increased at elevated (600 - 1000 mM NaCl) and 

zero salinity treatments. Chl b content remained mostly unaffected by salt application (Fig. 

4.1 D) except for some increase recorded at 600 mM NaCl. As a result, the concentration of 

the total photosynthetic pigments was governed largely by these trends of Chl a and 

carotenoids. A strong negative correlation was recorded between shoot surface area and 

total photosynthetic pigments (R= -0.86), Chl a (R= -0.86) and carotenoids (R= -0.81).   
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Fig. 4.1: Growth and photosynthetic pigment content of Sarcocornia quinqueflora plant after 10 weeks of treatments with a range of NaCl 

concentrations (0 – 1000 mM). (A) Shoot and root dry weight (g plant-1); (B) (Shoot/Plant weight) and (Root/Plant weight) ratio; (C) Shoot and 

root water content (ml/g DW); (D) Photosynthetic pigments (Chl a, Chl b, Carotenoids and Total pigments; in µg/g FW). Illustrative images show 

the variation in shoot (E) and root (F) growth with different salt levels.  Mean ±SE (n = 4 biological replicates). Data labeled by different low case 

letters are statistically significant at P < 0.05.
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4.3.3 Shoot surface area 

 The shoot surface area (SA) showed a significant (3-5 fold) increase with the 

optimal salt range (200 – 400 mM NaCl) in comparison to plants that lacked salt (Fig. 4.2 

A). Even under 600 mM NaCl treatment, plants had 20% larger SA over that at zero salt 

level. Afterward, a progressive decrease in shoot SA was recorded at 800 and 1000 mM 

NaCl. A positive correlation (R=0.70) between shoot water content and their SA was 

recorded, indicative for turgor-induced growth. In addition, all stomatal measurements 

(Table 4.1) and succulence index (Fig. 4.2 D) showed a strong positive correlation with 

shoot SA (Fig. 4.2 A).   

4.3.4 Stomatal characteristics and transpiration rate 

 The highest value for stomata number per unit area was recorded at zero salt 

treatment as 127 cells/mm2 (Fig. 4.2 B). 200 mM NaCl treatment resulted in very strong 

reduction (~48%) in stomatal density. At higher salinity levels, stomatal density increased 

gradually up to 600 mM NaCl and then stayed unchanged.  Stomatal index was highest at 

the optimal concentration of 200 mM NaCl and then declined progressively withy 

increasing salinity levels (Fig. 4.2 B). The same pattern was observed for the succulence 

index (Fig. 4.2 D).  

Transpiration rate was maximal at zero salt level and then dropped sharply (by ~55 

%) at optimal (for growth) 200 mM NaCl treatment. Any further increase in salinity level 

did not results in a significant decline in transpiration rate values. Transpiration rate 

correlated negatively with leaf Na+ (R= -0.89) and Cl- (R= -0.76) content, while a very 

strong positive correlation obtained in case of K+ (R= 0.98).   

 All measured stomatal characteristics (length and width of the guard cell and 

stomata pore; surface area of guard and epidermal cells) was highest values at optimal 200 

mM NaCl treatment and then declined in a dose-dependent manner (Table 4.1; Fig. 4.3).  

All these parameters have showed significant negative correlation with Na+ and Cl-  ion 

content (Fig 4.5 A). A negative correlation between epidermal surface area and stomatal 

density (R= -0.88) was also recorded. 
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Fig. 4.2: Shoot surface area (A); stomatal index (%) and density (B); Transpiration rate (C); and succulence index (D) of  

Sarcocornia quinqueflora plants after 10 weeks of treatments with a range of NaCl concentrations (0 – 1000 mM). Mean ± 

SE (n = 4 biological replicates in panels A, C and D; n = 30 in panel B). Data labeled by different low case letters are 

statistically significant at P < 0.05. 
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Fig. 4.3: Variation in epidermal cell enlargement and stomatal size of Sarcocornia quinqueflora succulent shoots after 10 weeks under different 

NaCl treatments: 0 mM (A), 200 mM (B), 400 mM (C), 600 mM (D), 800 mM (E) and 1000 mM (F). Scale bar is 50 µm. All images selected to 

show only three stomata each to enable epidermal cell enlargement comparison.
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Table 4.1: Variation in stomatal characteristics and epidermal cell surface areas of Sarcocornia quinqueflora plants under a range of NaCl 

treatments (0 – 1000 mM) applied for 10 weeks.  

 

Values are means of 4 biological replicates (30 measurements in case of stomatal characteristics and 150 measurements in case of epidermal cell 

size) ± SE. Different letters represent significant differences at LSD (0.05) 
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4.3.5 Metabolites and compatible solutes 

 In shoots, carbohydrate levels showed bell-shaped dependence of external NaCl 

levels, showing minimal values at optimal (200 mM NaCl) treatments (Fig. 4.4 A). In roots 

(Fig. 4.4 B), both soluble and insoluble carbohydrate fractions remained constant and 

increased only slightly at the highest salt level (1000 mM NaCl). The patterns of protein 

content were not different between roots and shoots and showed minimal values at optimal 

(200 or 400 mM NaCl) salinity treatments, and then increased at sub- and supra-optimal 

NaCl treatments (Fig. 4.4 C, D). Similar patterns were reported for shoot amino acid content 

(Fig. 4.4 E) while in roots the amount of free amino acids increase proportionally to NaCl 

levels. The same was true for proline content (Fig. 4.4 F).   

4.3.6  Shoot sap ion content and osmolarity 

 Leaf sap Na+ and Cl- concentrations increased in a dose-dependent manner with 

increasing saline levels (Fig. 4.5 A), showing almost a linear trend. This increase was 

steeper for Na+ (9-fold between zero and 1000 mM NaCl treatment) than for Cl- (4.7-fold 

increase). At each treatment, chloride content was higher than that for sodium. Potassium 

cation dropped sharply between zero and optimal (200 mM NaCl) treatment by about 3-fold 

(Fig. 4.5 B) but then remained constant, regardless of further increase in salinity levels. Leaf 

sap osmolarity showed a linear increase with increasing salinity levels (Fig. 4.5 C), with 6-

fold difference between lowest and highest treatments.  

 The relative contribution of inorganic and organic solutes to leaf sap osmolarity was 

then calculated (Table 4.2; Fig. 4.5 D). At zero salt level, Na+ and Cl- (vacuolar osmolytes) 

contributed together for 71.6% of total osmolytes, while K+ contribution was 28 %. Organic 

osmolytes made almost no contribution (e.g. 0.5%) towards this process. With increasing 

salinity levels, contribution of Na+ towards osmotic adjustment increased from 15 to 32%, 

while contribution of chloride remained constant (about 50%; Table 4.2). Contribution of 

K+ dropped from 28% at no salt treatment to 4.4% at the optimal salt dosage (200 mM NaCl) 

then decreased gradually up to 1000 mM NaCl. The organic osmolytes content increase  

proportionally to salinity levels (Fig. 4.5 D) but contributed only between 11 and 13% 

towards the cell osmolarity  (Table 4.2).  

  



       Chapter 4 

  
HASSAN AHMED 123 

  
 

 

Fig. 4.4: Metabolites and compatible solutes of roots and succulent shoots of Sarcocornia quinqueflora plant after 10 weeks of treatments 

with a range of NaCl concentrations (0 – 1000 mM). Carbohydrates (mg/g DW) in shoots (A) and roots (B); Proteins (mg/g DW) in shoots 

(C) and roots (D); Amino acids (mg/g DW) (E); and Proline (µmol/g DW) (F). Mean ± SE (n = 4 biological replicates). Data labeled by 

different low case letters are statistically significant at P < 0.05. 
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Fig. 4.5: Shoot sap content of Na+ and Cl- (A) and K+ (B); osmolality (mmol/kg) (C); and 

contribution of organic and inorganic osmolytes towards osmotic adjustment (mM) (D), of 

Sarcocornia quinqueflora succulent shoots after 10 weeks of treatments with a range of 

NaCl concentrations (0 – 1000 mM). Mean ± SE (n = 4 biological replicates). Data labeled 

by different low case letters are statistically significant at P < 0.05. 

 

 

Table 4.2: Relative contribution of inorganic (Na+, K+ and Cl-) and organic solutes to 

osmolality in the succulent shoots of Sarcocornia quinqueflora plant grown under different 

NaCl treatments (0, 200, 400, 600, 800 and 1000 mM) for 10 weeks.   

 

Values are means of 4 biological replicates. 
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4.4 Discussion 

4.4.1 Sarcocornia quinqueflora is an obligate halophyte 

 Sarcocornia quinqueflora is succulent halophyte with the ability to grow and 

survive for many successive seasons showing a perennial lifecycle (Vårhammar et al. 2019). 

The optimum growth for most halophytes usually obtained in a range between 50 to 250 

mM NaCl, however, some extremophile halophytes may have their growth optimum 

thresholds even higher (Flowers and Colmer 2008; Ventura and Sagi 2013; Moir-Barnetson 

et al. 2016). In our experiments, optimal plant growth was observed between 200 and 400 

mM NaCl (Fig. 4.1 A). This in agreement with the optimum growth range recorded for other 

perennial halophytes (Atriplex portulacoides (Benzarti et al. 2014) and Suaeda fruticosa 

(Khan et al. 2000)) that were experimented under the same salt concentrations used here (0-

1000 mM NaCl), also their growth was decreased at higher salinities. Indeed, slowing down 

of a plant growth is known as a general adaptive mean to survive under stress conditions, 

prioritizing the re-allocation of cell resources (e.g., energy and metabolic precursors) 

towards the defence reactions against stress (Zhu 2001). Treatments with severe salt dosages 

(above 600 mM NaCl) under our experimental conditions had negatively impacted plant 

performance; nonetheless, S. quinqueflora plants were able to maintain growth under NaCl 

levels doubled of that in sea water (e.g. 1000 mM). The drastic reduction in plant 

performance at zero salinity indicates that S. quinqueflora is an obligate halophyte.  

 Growth retardation under saline condition might attribute to several reasons such 

as: (1) the reduced ability to fix carbon, thus disturbing the balance between respiration and 

photosynthesis (Redondo-Gomez et al. 2010; Moir-Barnetson et al. 2016; Rozentsvet et al. 

2017); (2) the reduction in cellular osmolality and the accompanied turgor pressure (Clipson 

et al. 1985; Moir-Barnetson et al. 2016; Rozentsvet et al. 2017); (3) disrupted enzyme 

operation caused by increasing Na+ and/or Cl– levels in the cytoplasm (Ayala and O'Leary 

1995; Moir-Barnetson et al. 2016; Rozentsvet et al. 2017; Carillo et al. 2011); and (4) the 

increased energetic costs associated with de novo organic solute synthesis (Munns 2002; 

Moir-Barnetson et al. 2016). In addition, elevated concentrations of Na+ and/or Cl– in cells 

contribute to the generation of reactive oxygen species (ROS) inducing oxidative stress and 

subsequent damaging impact on cellular biomolecules (Rozentsvet et al. 2017; Koyro et al. 

2009). Sarcocornia quinqueflora has successfully dealt with all these constraints up to 

salinity levels exceeding sea water concentration. In this regard, some extreme succulent 
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perennial halophytes of the genus Tecticornia (Tecticornia indica and Tecticornia 

pergranulata) were able to maintain growth up to 2000 mM NaCl (3-fold of 100 % sea 

water) (English and Colmer 2013).   

 The increase in a water content at moderate salinity represent a typical characteristic 

of dicotyledonous halophytes, bringing about an increase in leaf volume, or succulence 

(Flowers et al. 1986). Trends in plant water contents shows a slight increase in shoots water 

content (Fig. 4.1 C) at the optimum salt level (200 mM NaCl), but at higher salinities the 

shoot water content progressively decreased. In the succulent perennial Suaeda fruticosa, 

shoot water content at 200 mM external NaCl was higher than in non-treated controls, but 

it decreases at higher salt concentrations (Khan et al. 2000). Moreover, leaf water content 

was maintained even at the highest salinity level in the other perennial Atriplex 

portulacoides (Benzarti et al. 2014). The values of succulence index under saline condition 

went parallel to large extent to the plant water content. A positive correlation (R=0.70) 

between shoot water content and their surface area was recorded; also, shoot water content 

correlated positively with osmolality and inorganic and organic solutes accumulation, 

indicative of turgor-driven expansion growth. De Souza et al. (2018) observed high 

succulence in Salicornia neei shoot between 0.1 and 171 mM NaCl and was decreased 

above this, most likely due to lignification. Also, succulence was increased in Sarcocornia 

natalensis when salinity elevated from 0 to 300 mM NaCl (Naidoo and Rughunanan 1990). 

It was found that accumulating inorganic ions was used to achieve osmotic adjustment and 

drive succulence in the perennial halophyte Plantago crassifolia (Vicente et al. 2004). 

Increased succulence probably is needed for Na+ dilution as was the case for the assimilating 

branches of Halostachys caspica under saline conditions (Zeng et al. 2015). Na+ was found 

more effective than K+ and Cl- in cell expansion, leaf succulence, and shoot development in 

Sesuvium portulacastrum (Wang et al. 2012). In that respect, a strong negative correlation 

was recorded between shoot surface area and photosynthetic pigments content (R= -0.86 for 

Chl a; R= -0.81 for carotenoids), showing that the limitation in turgor-induced growth at 

higher salt dosage resulted in condensed pigments while being distributed properly under 

optimal salt range (200-400 mM NaCl) for efficient light harvest ability where pigments 

recorded the lowest concentration at these levels. Pigments content was increased under 

salinity (0-400 mM NaCl) in both perennial halophytes species (Sesuvium portulacastrum 

and Tecticornia indica) (Rabhi et al. 2012), also their growth was optimal at 200 mM NaCl 

similar to that recorded here for S. quinqueflora.   
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4.4.2 Metabolites patterns and photosynthetic machinery  

 Metabolites (carbohydrates; Fig. 4.4 A, B and proteins Fig. 4.4 C, D) showed higher 

accumulation at non-saline and severe salt dosages. This rule out their direct involvement 

in plant osmotic adjustment, as cell sap osmolarity increase linearly with increasing salinity 

levels. Apart from their role as a principle contributor of osmotic adjustment in many plants, 

osmolytes might work primarily through oxidative detoxification (Vicente et al. 2004). In 

this regard, transgenic plants for osmolytes-accumulating trait had showed an increase in 

their synthesis, nevertheless, the osmolytes concentrations was generally too low to be 

important for osmotic adjustment. Moreover, the plants still show improved tolerance to 

salt, as well as to other stresses such as chilling, freezing, heat or drought, which not only 

cause water stress, but also generate ROS (Zhu 2001). Therefore, it is plausible to suggest 

that, in addition to contributing to osmotic potential of the cytosol, some of these compounds 

(carbohydrates and/or proteins) might be also involved in scavenging of ROS that are 

expected to be produced under non-optimal NaCl levels. Also, higher carbohydrates 

concentrations under severe salt dosages (Fig. 4.4 A, B) indicate that growth reduction 

recorded at these salinity levels was not associated with inefficient photosynthetic 

machinery and assimilates shortage. In this regard, Moir-Barnetson et al. (2016) reported 

that growth reduction at extreme salinity was most likely governed by the capacity for 

vacuolar Na+ and Cl– uptake rather that the shortage in assimilates production. In addition, 

the metabolites concentration was always higher in roots over that of shoots (Fig. 4.4 A, B) 

with all experimented salt levels (0-1000 mM NaCl), most likely revealing the higher 

energetic demand by roots to overcome the negative water potential of soils. In a close 

relation with the latter, increase in salinity from 0 to 300 mM NaCl in Sarcocornia 

natalensis had shifted resources allocation from roots to shoots (Naidoo and Rughunanan 

1990).  

 Accumulation of amino acids (Fig. 4.4 E) and proline (Fig. 4.4 F) with elevated salt 

was most likely required for osmotic adjustment in the cytosol to balance vacuolar osmotic 

potential (achieved by accumulation of inorganic Na+ and Cl- ions). In halophytes, proline 

represent the major component of the total free amino acids pool, that account for about 

50% of the total amino acid content, on average, while it represents less than 5% in non-

halophytic species (Stewart and Lee 1974). A 20-fold increase of proline content of 

Plantago crassifolia leaves was observed when plants were treated with 500 mM NaCl. 

However, the proline amount recorded was about 2 µmol/g FW, that probably still too low 
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to be osmotically significant, compared to the accumulation of Na+ ions, and a protective 

role (antioxidant activity) against high salinity stress was suggested (Vicente et al. 2004). 

Under our experimental condition, the difference in proline content of succulent shoots was 

about 2-fold raising from 4.1 to 8.6 µmol/g DW recorded for 0 and 1000 mM, respectively, 

while proline content was the lowest at the optimum salt dosage recording 2.6 µmol/g DW.  

In that respect, carotenoids content also was increased with higher salt dosages under our 

experimental conditions, even though, this increase might attribute to the reduction in 

turgor-induced expansion of succulent shoots, this also might be important for the 

antioxidant machinery. The perennial Salicornia neei plant had showed chromatic 

adaptations against oxidative stress. The plants maintained high ratio of photoprotective 

carotenoids in relation to light-harvesting chlorophylls, also the conversion of violaxanthin 

to zeaxanthin was enhanced with increasing NaCl concentrations in order to dissipate 

exceeding energy not used in the CO2 assimilation process (De Souza et al. 2018). The latter 

mechanism was recorded also for other perennial halophytes under salinity stress (Sesuvium 

portulacastrum and Tecticornia indica, Rabhi et al. 2012). 

4.4.3 Ions accumulation, osmotic adjustment, and stomatal characteristics  

In dicotyledonous halophytes, Na+ and Cl- are the major components of the cellular 

osmotic potential (Flowers et al. 2015), that account for ~ 80–95 % of the cell sap osmotic 

pressure (Glenn et al. 1999; Shabala and Shabala 2011; Shabala 2013). Both growth and 

mineral ion content data suggest that S. quinqueflora plants achieved vacuolar osmotic 

adjustment exclusively by sequestration of Na+ and Cl- while using K+ and organic 

osmolytes to concurrently increase the osmotic pressure of the cytosol, to prevent water 

movement between these two compartments. In halophytes, the concentration of organic 

solutes is often insufficient to confer any significant contribution to the overall solute 

potential so they are used for osmotic adjustment only in the cytosol (Rhodes et al. 2002). 

Typically, Na+ and Cl− are compartmentalized, predominantly in vacuoles, to maintain their 

concentrations in the cytoplasm within reasonable limits (Wyn Jones and Gorham 2002). In 

that respect, the contribution of Na+ and Cl- ions (vacuolar osmolytes) to osmolality (Table. 

4.2) was higher even at zero salt level, contributing to 71.6% of the cell osmolarity. Vicente 

et al. (2004) reported that succulence may also be the reason for the presence of relatively 

high sodium concentrations (ca. 40 µmol/g FW) in the leaves of non-treated Plantago 

crassifolia halophyte. Under the broad saline conditions (200-1000 mM NaCl), the overall 

contribution of Na+ and Cl- fluctuated between 84 and 86 % while the role of organic 
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osmolytes was very minor (11 to 13%; Table 4.2). This is much higher than in non-

halophytic crop species, where appropriate numbers vary between 50 and 70 % (Chen et al. 

2007; Cuin et al. 2010; Shabala 2013). Therefore, these numbers are a good match to the 

relative ratio between cytosolic and vacuolar volumes (e.g. 10 and 90%, respectively). Our 

results in agreement with those obtained by Albert et al. (2000), where Na+ and Cl− were 

found to contribute 67% of the solute concentration (molar in shoot water) while sugars 

were responsible for only 1% in 32 species of the Chenopodiaceae analysed. Moreover, 

Flowers and Colmer (2008) reported that plants of the Chenopodiaceae as well as the 

Poaceae had showed Na+/K+ ratios that were between 2.5 and 21 times higher in the vacuole 

than in the cytoplasm. Indeed, an efficient Na+ and Cl- sequestration into vacuoles requires 

tonoplast-located ion exchangers and the H+ pumps (Flowers and Colmer 2008a; Munns and 

Tester 2008; Shabala 2013; Hasegawa 2013; Flowers et al. 2015; Flowers et al. 2019). Ion 

transport across the tonoplast, into vacuoles, is energized by the electrochemical difference 

of H+ across the tonoplast (a proton motive force (PMF)); which in turn influences channel 

transport activity H+-ATPase (V-ATPase) and a H+-pyrophosphatase (V-PPiase) (Bartels 

and Sunkar 2005; Gaxiola et al. 2007). ATPase activity was found to be increased in 

Mesembryanthemum crystallinum with NaCl treatment (Ratajczak et al. 1994). In 

Salicornia bigelovii, the activity of both the plasma membrane (PM)- and vacuolar (V)-

ATPases increased when NaCl was added to the growth medium (Ayala et al. 1996), as did 

activity of the V-PPiase (Parks et al. 2002). 

 Of special interest in this study, K+ content was dropped sharply between zero and 

optimal (200 mM NaCl) treatment by about 3-fold (Fig. 4.5 B) but then remained constant, 

regardless of further increase in salinity levels. In this regard, (Flowers and Colmer 2008) 

suggested that the metabolism of at least halophytes in the Chenopodiaceae has evolved to 

adjust lower concentrations of cytoplasmic K+. In accordance with the K+ pattern recorded 

here, several studies of perennial halophytes showed that there is no big difference in K+ 

content over the entire range of salinity (Moir-Barnetson et al. 2016; English and Colmer 

2011, 2013). However, in the annual Salicornia species (Salicornia persica and Salicornia 

europaea) K+ content was decreased gradually with salinity increase (0-600 mM NaCl) 

(Aghaleh et al. 2009). Therefore, it is plausible to suggest that essential physiological 

processes and enzymatic activity in perennial halophytes may occur at lower K+ thresholds 

as compared with their annual counterparts. Earlier Flowers and Dalmond (1992) have 

shown that protein synthesis in halophytes and glycophytes had different requirements for 
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essential nutrients such as K and Mg, with the later impacting the polysome translocating 

system. Another evidence comes from the observation that starch synthetase, an enzyme 

that tightly binds K+ ions, was found to have a requirement of about 50 mM K+ for the 

normal activity (Lindhauer and De Fekete 1990), and surprisingly this is the minimal K+ 

threshold that was recorded for all NaCl levels of the range (200 – 1000 mM) used here. 

The latter study also revealed that similar sized cations such as Rb+ and Cs+ being about 

80% as effective as K+, while the replacement with Na+ only brought about 20% of the 

overall enzyme activity. Moreover, higher K+ levels probably is important for the growth of 

young succulent tissues, as was recorded for black barley (Hordeum distichum L.) cultivars 

where K+ played a principle role in promoting leaf growth (faster rate and longer duration 

of growth processes) under salt stress (Abu-Al-Basal and Yasseen 2009).   

 The expansion capacity of succulent stem cells largely governs the extent of turgor-

induced growth at the organ and tissue levels, and even transcend to affect the size of surface 

structures such as epidermal cells and stomata. In general, halophytic plants are known for 

reducing stomatal number per leaf area beside promoting wide opening of stomata (Parida 

et al. 2004). The latter case was recorded at the optimal salt range under our experimental 

condition (Fig. 4.3). All stomatal measurements and succulence index showed a strong 

positive correlation to shoot surface area that driven mainly by turgor-induced growth. Also, 

a negative correlation was recorded between epidermal surface area and stomatal density 

(R= -0.88), indicative for the impact of turgor-induced enlargement of epidermal cell on 

stomatal distribution. Therefore, we believe that growth induced by Na+ and Cl-  vacuolar 

accumulation has extended also to affect stomatal measurements (Table 4.1). However, the 

transpiration rate negatively correlated to mineral ion content of Na+ (R= -0.89) and Cl- (R= 

-0.76), while a very strong positive correlation obtained in case of K+ (R=0.98), indicative 

of the likely role of K+ role in controlling stomatal transpiration. In addition, the fact that 

transpiration rate was maintained unchanged over the very broad (200 to 1000 mM NaCl) 

range of salinities, despite the large difference in stomatal density and aperture size, suggest 

superior plant’s ability to optimize WUE and balance water loss with CO2 assimilation. 

WUE is often discussed as an indicator for salt resistance (Gleick et al. 2011). Salinity led 

to an increase of the WUE in case of the perennial halophyte Atriplex portulacoides 

(Benzarti et al. 2014) but it declined at higher salinities in Odyssea paucinervis (Naidoo et 

al. 2008) and Panicum turgidum (Koyro et al. 2013). Similar to our results, transpiration 

rate of Tecticornia indica, Tecticornia pergranulata was highest at 10 mM NaCl in both the 
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species, and declined with further increase of salinity; moreover, no difference in 

transpiration was recorded between 500 and 1000 mM NaCl.   

4.4.4 Conclusion 

 Sarcocornia quinqueflora showed the typical growth response of a succulent 

halophyte with maximum growth obtained at 200 mM NaCl. The succulent shoot adjusted 

osmotically even at the highest salinity levels; also, its growth was retarded under non-saline 

condition. These facts suggest that cell expansion growth in this species is relying heavily 

upon the coordination between the cell vacuolar sequestration capacity (VSC) of Na+ and 

Cl- (required to increase cell turgor under hyperosmotic saline conditions) and the extent of 

the cell wall extensibility (CWE). The maximum VSC of Na+ and Cl- is required to keep 

the cytosol toxic-free and to decrease the cell osmotic potential which in turn elevates turgor 

pressure (hence, succulence). However, the ability to expand of succulent tissues largely 

depends on the cell wall rigidity and resistance. The latter traits could be causally related to 

increased levels of ROS under non-optimal conditions. Indeed, the strength and rigidity of 

the secondary cell walls achieved by the random cross-linking of monolignols, lignin 

precursors, through oxidative polymerization enhanced by ROS production (Vanholme et 

al. 2010; Hamann 2012). The lignification response was observed by other authors (Flowers 

and Colmer 2015; Moura et al. 2010; De Souza et al. 2018) and suggested that, at a toxic 

ionic vacuolar concentrations, some halophytes can reduce water loss by lignifying shoot 

tissue instead of increasing succulence. The control of stomatal operation seems to be 

critical for plant performance under saline conditions. The fact that transpiration rate was 

maintained unchanged over the very broad (200 to 1000 mM NaCl) range of salinities, 

despite the large difference in stomatal density and aperture size, suggest superior plant’s 

ability to optimize WUE and balance water loss with CO2 assimilation. Importantly, K+ 

content also remained unchanged over this entire concentration range and correlated 

positively with leaf transpiration. Therefore, the tolerance strategy of S. quinqueflora 

succulent shoots includes enabling turgor-induced growth through efficient vacuolar Na+ 

and Cl- accumulation and maintaining K+ threshold levels for efficient stomatal functioning.  
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Chapter 5 

Development of suberized barrier is critical for 

tuning Na+/K+ ratio between senescent and non-

senescent tissues in leafy stems of S. quinqueflora  

 

Abstract 

 Senescence of plant tissues is a physiologically synchronized process that enables 

an evergreen or a perennial plant to retrieve, recycle and remobilize nutrients from elder to 

younger tissues or upcoming seeds. The succulent perennial halophyte Sarcocornia 

quinqueflora utilizes this process to discard excess salt being accumulated in outer tissues 

of their leafy stems. The exact mechanism for salt shedding in this plant, however, remains 

elusive. In this work we show that the plant develops two distinct types of tissues - an 

endodermis-like layer (suberized layer), and an additional internal photosynthetic layer – to 

enable this process. Their potential roles toward salt-coping strategy for that plant were 

investigated in this study. We show that elevated salinity leads to an accelerated 

development of the endodermis-like layer. In addition, its development strongly affected 

ion distribution between outer (senescent) and inner (non-senescent) tissues. A positive 

correlation between the ratio of endodermis-like layer to a bead diameter and the outer to 

inner concentration of Na+ was observed. These ratios were highest in older (basipetally-

located) beads and progressively decreased towards the tip. Furthermore, the Na+/ K+ ratio 

in inner tissues of bottom beads at highest salinity treatments (800 and 1000 mM NaCl) that 

showed clear senescence symptoms was 1.0, indicative of complete separation of the outer 

and inner tissues at late developmental stage due to the fully suberized endodermis 

multilayer (ED). A model explaining the role of the internal photosynthetic layer in plant 

adaptation to salinity is presented. 

5.1 Introduction 

 Senescence of plant tissue is known to be coordinated physiologically and usually 

occurs when cells show ultimate death at the final stage of plant development (Parida et al. 

2018). It is beneficial for an evergreen or a perennial plant to undergo this synchronized 

process that enables them to retrieve, recycle and remobilize nutrients from elder to younger 
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sink tissues or upcoming seeds (Ricachenevsky et al. 2013). Typically, basic cellular 

metabolism and phloem transport are efficiently maintained until the later stages of 

senescence causing the coordination during the immense nutrient remobilization (Rolland 

et al. 2006). Not only nutrients like nitrogen, carbon, and minerals could be recuperated 

through the process, but also macromolecules such as saccharides, lipids, proteins and 

nucleic acids are degraded as a result of hydrolytic enzymes inducement during senescence 

(Lim et al. 2007; Watanabe et al. 2013; Zimmermann and Zentgraf 2005; Parida et al. 2018). 

In many plants, the leaf is the main senescent organ that requires a series of rhythmic 

biochemical reactions to undergo (Buchanan‐Wollaston et al. 2003; Lim et al. 2007). In 

addition to nutrients and macromolecules breakdown, chlorophyll degradation represents 

the main sign for leaf senescence and usually is accompanied by an immense reduction in 

the photosynthesis process and protein synthesis (Watanabe et al. 2013; Parida et al. 2018). 

The degradation of chlorophyll is usually accompanied by an observable alteration in colour 

during leaf senescence bringing about a yellowish or reddish leaf. The yellow colour is 

attributed mainly to the unmasked carotenoids as their breakdown normally is slower than 

chlorophyll whereas the red colour in most plants shows the accumulation of anthocyanins 

in the cell vacuole (Lee et al. 2003). However, families of the order Caryophyllales such as 

Amaranthaceae accumulate betalains instead of anthocyanins (Parida et al. 2018). Gene 

expression during senescence will immensely alter leading to downregulating or 

upregulating of many genes (Watanabe et al. 2013). Consequently, the final stage of leaf 

senescence is a form of genetically controlled, programmed cell death (Parida et al. 2018). 

 Numerous phytohormones were found to be  involved in regulating senescence 

process in plant tissues, mainly ethylene (promotion) and cytokinin (retardation), in addition 

to other hormones such as auxin, gibberellic acid, abscisic acid, jasmonic acid, and salicylic 

acid (Sperotto et al. 2009; Davies and Gan 2012; Schippers et al. 2007). Besides, sugars 

were suggested to be as important regulators for triggering senescence in plants (Parida et 

al. 2018). In fact, sugars were deemed as key sensing and signalling molecules in plants 

(Ramon et al. 2008). Their signalling action is required by plants, mainly to monitor growth, 

development, and even stress responses. The main initiator for different sugar signals in 

plants comes through photosynthesis and carbon metabolism in source and sink tissues 

(Rolland et al. 2006). Sugars have a repressive effect on photosynthetic gene expression and 

action, at the same time the effect of hexokinase (HXK) expression on the rate of leaf 

senescence indicated an important role for HXK-dependent sugar signalling in leaf 
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senescence (Xiao et al. 2000; Moore et al. 2003; Rolland et al. 2006). Actually, the 

appropriate response to sugar signalling varies with changes in gene expression to altered-

enzyme activities through the activity of protein kinases, protein phosphatases and other 

signal transduction mediators such as Ca2+ and calmodulin (Ramon et al. 2008). It was 

reported that plant exposure to high illumination and long days could lead to leaf senescence 

that was associated with hexoses accumulation (Diaz et al. 2005). Therefore, it is evident 

now that sugars and stress regulate the metabolism of source and sink tissues and initiate 

defense responses (Roitsch 1999; Ehness et al. 1997).  

 When plants grow under optimal condition, senescence may occur normally, hence, 

will be referred to as developmental or age-dependent. However, plant exposure to severe 

conditions such as abiotic stresses might initiate premature senescence (Lers 2007). In this 

regard and in addition to the key role of leaf senescence in reserving important nutrients and 

biomolecules to be directed to sink tissues, some salt-adaptive plants (halophytes) had 

utilized the process to discard excess salt accumulated in their leaves, an important strategy 

called salt shedding (Lüttge 2019). Some halophytes that lack true foliage leaves developed 

leafy stems which can photosynthesize compensating for the absence of their leaves, as seen 

in Salicornioideae subfamily of the Amaranthaceae. Also, these plants established their salt 

tolerance means internally through exceptional and featured anatomical structures. 

Halophytes triggered, naturally, diverse adaptations at different levels: morphologically, 

anatomically, physiologically and/or biochemically that enable them to thrive in high saline 

condition (Marco et al. 2019; Shabala 2013). Many comprehensive reviews focused on 

different mechanisms for salinity tolerance in halophytes (Dassanayake and Larkin 2017; 

Mishra and Tanna 2017; Ozfidan-Konakci et al. 2016; Flowers and Colmer 2015; Volkov 

2015; Bose et al. 2014; Flowers et al. 2014; Shabala et al. 2014; Shabala 2013; Rozema and 

Schat 2013; Shabala and Mackay 2011; Koyro et al. 2008). There is a consensus that there 

are common key traits that halophytes possess and gave them superiority over glycophytes 

to settle down in saline environments. This includes: an ability extrude excess salts from 

plant organs via excretive glandular cells usually known as salt glands (Maheshi and C 

2017; Yuan et al. 2016; Dassanayake and Larkin 2017); protect salt-sensitive metabolic sites 

by removing excess salt and direct it to inverted vacuoles (normally called bladders) located 

at the leaf surface (Kiani‐Pouya et al. 2017; Shabala et al. 2014); prevent some ultraviolet 

light from reaching the leaf tissues (through reflecting surfaces, by wax or trichomes) to 

minimize development of reactive oxygen species (ROS) and nitrogen radicals; hinder salt 
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importing upward with ascending water stream through different morphological 

modifications such as curled leaves, fine hairs, waxy cuticle, high stomata density, reducing 

stomata size, sunken stomates, which ultimately reduce transpiration (Koyro et al. 2008); 

keep the cytoplasm and other cell organelles separated from salt toxicity via depositing ions 

of salts in the vacuole, a common mechanism for many genera of succulent halophytes 

(Bonales-Alatorre et al. 2013); shed their elder leaves after a rapid salt accumulation in 

leaves (Taylor and Whitelaw 2001); adjust water and nutrient uptake through their ability 

to develop a laterally extensive, shallow root system (Koyro et al. 2008). 

 Succulence is one of that important strategies by which halophytes not only 

conserve water, but also dilute immense salt concentration in their susceptible tissues 

(Gorham et al. 1985; Hajibagheri et al. 1984). However, succulence is not confined  to 

halophytes as it could be a typical adaptive response in glycophytes under salt stress 

exposure (Gorham et al. 1985; Longstreth and Nobel 1979). While plants with CAM 

photosynthesis utilize enlarged cells of their succulent tissues to accumulate more organic 

acids as a result of CO2 fixation during the night-time (Males and Griffiths 2017), succulent 

halophytic stems employ the increased cell volume to sequestrate excessive ions (mainly 

Na+ and Cl-) to their vacuoles (Rabhi et al. 2010) in order to protect sensitive tissues from 

the drastic effects of these ions in the cytosol (Lv et al. 2012). However, the molecular 

mechanisms behind this selectivity and salt deposition in storage tissues remain elusive.  In 

fact, succulent halophytes with leafy stems may complete their life cycle in one season 

(annuals) or need to maintain growth over several successive seasons (perennials), hence 

the latter encountering an extra challenge, i.e. they not only have to cope with high salt in 

the surrounding medium for a single season, but also need to maintain capability of growth 

and development for the upcoming seasons. How a perennial succulent halophyte then will 

manage this issue, morphologically, anatomically, physiologically?  

 Sarcocornia quinqueflora is a succulent perennial halophyte  that distributes mostly 

worldwide and was early known as Salicornia australis (De Fraine 1913). Plants of the 

Sarcocornia genus belong to Amaranthaceae (formerly Chenopodiaceae) family (Bertin et 

al. 2014). Amaranthaceae comprises perennial halophytic shrubs with succulent articulated 

stems that are largely prevalent in Australia and are commonly grown in saline areas, usually 

near the coast and along the shores of salt lakes and marshes (Shepherd and Wilson 2007; 

Moir-Barnetson et al. 2016). Two Sarcocornia native species exist in Tasmania: S. 

blackiana (ticked glasswort) and S. quinqueflora (beaded glasswort) (Whinray 2014). 
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Sarcocornia quinqueflora leafy stems composed of succulent assimilating oblong 

internodes (beads), giving the plant an articulated appearance. Each bead may have a pair 

of oppositely arranged, but very reduced, scale leaves and the main photosynthetic organ is 

the stem (Redondo-Gómez et al. 2005). The leafy stem anatomy was described earlier by 

(De Fraine 1913) for Salicocornia australis showing an outermost row of barrel shaped cells 

forming an epidermal layer covered externally by a thick cuticle. The epidermis hence 

surrounds a mesophyll tissue with only palisade cells rich in chloroplasts and more than one 

layer being present, next are many layers of water-storage parenchyma with thin walls and 

few intercellular spaces, also known as the cortex. The innermost layer of cortex tissue 

consists of suberized cells enclosing the stele and known as endodermis-like layer; however 

some authors indicated the stele enclosing layer as a special type of cork specially when it 

became multilayer assuming their development from an earlier pericycle layer 

(Voznesenskaya et al. 2008; De Fraine 1913). Six to eight collateral vascular bundles with 

parenchyma in between exist in the stele, also a central cavity occurred known for an air-

storing function. Previous anatomic features are comparable to that described by Saadeddin 

and Doddema (1986) for Arthrocnemum fruticosum. In addition, similar succulent 

halophytes of the Chenopodiaceae such as Tecticornia pergranulata, Tecticornia indica, 

Arthrocnemum macrostachyum, Salicornia ramosissima, Sarcocornia perennis, and 

Sarcocornia fruticose have been reported to have an internal photosynthetic band composed 

of several layers of small round cells situated in between the endodermis-like layer and the 

stele (Voznesenskaya et al. 2008; Redondo-Gómez et al. 2005). Redondo-Gómez, S et al. 

(2005) had shown that the internal chlorenchyma cylinder is photosynthetically active, thus 

they raised an interesting question whether the developed photosynthetic band might have 

a role in salt-adaptation of these plants. Answering this question was one of the aims of our 

study.  

 Sarcocornia quinqueflora develops two distinct layers: an endodermis-like layer 

(suberized layer), and an additional internal photosynthetic layer. Typically, the endodermal 

cell distinguishes by the development of suberin deposition, and many environmental 

stresses such as osmotic shock, soil acidity, and extreme temperature could induce its 

formation (Franke and Schreiber 2007). The extent and pattern of deposition in addition to 

the chemical variation in suberin monomers determine barrier properties (Vishwanath et al. 

2015; Franke et al. 2012). The main function of the created hydrophobic barrier is to control 

movement of water and solute diffusion (mainly forcing symplastic and hindering 
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apoplastic pathways) through cell walls. In addition, suberized tissues like cork protect the 

plant organs, roots in particular, against various stresses such as exposure to drought, 

increased salt concentration, microbial invasion, wounding, and pollutants such as heavy 

metals (Ranathunge et al. 2011; Franke and Schreiber 2007; Vishwanath et al. 2015). In this 

chapter, we followed the morpho-anatomical changes in S. quinqueflora leafy stem under 

varied salt levels in beads of different ages to assess this biological barrier (suberized layer) 

from non-senescent to senescent stages. The focus was on the development of the so-called 

endodermis-like layer in order to address some specific questions: (i) does the development 

of the suberized layer varies under elevated salt levels at different developmental stages of 

this perennial halophytes? (ii) How the suberized barrier development may affect the 

mineral content distribution (Na+, K+ and Cl-) over their two borders (senescent and non-

senescent tissues) along with the initiation of salt crystallization in senescent tissues? (iii) 

What might be the role for the internal photosynthetic layer toward the acclimation of that 

perennial halophytes under continuing saline exposure over successive seasons? 

Accordingly, a model was suggested for bead tolerance strategy at early, middle and late 

stages under saline conditions involving a suggested role for the internal photosynthetic 

layer. The suggestion is built up on linking senescent and non-senescent tissue-allocation of 

different mineral ion contents to morpho-anatomical changes observed.  

5.2 Materials and methods 

5.2.1 Plant material and treatments 

 Plants of the Tasmanian native succulent halophyte S. quinqueflora (beaded 

glasswort) were collected from the Hobart City Council’s coastline. The harvested plants 

were directly transferred to 1L plastic pots containing 70% composted pine bark, 20% 

coarse sand and 10% sphagnum peat. Plants were grown under controlled glasshouse 

condition (temperature range 19ᵒ C to 26ᵒ C; average humidity about 65%; day length 12-

14 h) and irrigated periodically with tap water in order to maintain the culture medium 

always at field capacity. After some period of  recovery, those plants were used as a source 

for newly asexually propagated cuttings. The propagated S. quinqueflora plants were potted 

in 25 cm pot size (one plant per pot) using the above potting mix and grown for a further 

two weeks. The uniform pots were categorized into six groups (15 plants per group) in a 
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randomized manner and six levels of NaCl solution (0, 200, 400, 600, 800 and 1000 mM) 

were applied. Salinity treatment lasted for 18 weeks and was applied at 3-days intervals.  

5.2.2 Growth parameters  

 After 10 weeks of the treatments, shoots and roots of 4 pots were separated and 

thoroughly washed under tap water to remove any possible salt deposits on plant surface 

originating from the salt irrigation solutions, as well as remove soil particles the root might 

bear. Thereafter, samples were laid to dry on paper tissues and then the fresh weight of 

shoots and roots was taken in (g) using an analytical digital balance (Mettler Toledo, 

TLE3002). Prior to this, length (cm) of main leafy stems and leafy stem branches as well as 

bead length were measured using a ruler while bead thickness was measured in (mm) using 

a Vernier caliper. The number of main leafy stems per shoot and number of beads per main 

leafy stem were counted. 

5.2.3 Morpho-anatomical features  

 Both morphological and anatomical examinations were performed after 18 weeks 

of salt treatments once the changes became obvious. The change in leafy stem colour along 

with bead ageing development under different salt treatments were observed and images 

taken. Cross-sectioning of different leafy stem regions (bottom, middle and top) were 

performed and the prepared sections stained in TBO (Toluidine Blue 0.1%) for 30 sec (Lux 

et al. 2015) to assess changes in S. quinqueflora leafy stem tissues in the top, middle and 

bottom regions with elevated salt treatments (0 – 1000 mM NaCl). Stained sections were 

then washed thoroughly for three subsequent times with distilled water and mounted on a 

glass slide for examination and imaging using Leica Microsystems CMS GmbH Ernst-

Leitz-Str. 17-37, Model DMi8. ImageJ software was used to measure the diameter of 

different bead tissues. 

5.2.4 Mineral ions content  

 After thorough washing, the outer (epidermis, palisade tissue and water-storage 

area) tissues and inner (endodermis-like layer, internal photosynthetic layer and stele 

(vascular cylinder)) tissues of the leafy stem were separated mechanically using a razor and 

dried in the oven at 60 ᵒC for 3 days. Dried samples were grinded using a mortar and pestle 

and weighed. An aqueous extraction of different minerals was applied, a volume of 10 ml 
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of distilled water was added to each sample and boiled in a water bath for 3 h (Chaudhary 

et al. 1996). Afterwards, the samples were centrifuged at 2500 g for 15 min. The supernatant 

was collected and brought up to the primary volume. Sodium (Na+) and potassium (K+) ion 

contents in outer and inner tissues of different leafy stem regions were estimated using a 

Flame photometer (MODEL PFP7 Flame photometer; Jenway, Essex, UK) and expressed 

as mg/g dry weight. Chloride concentration of the aqueous extract was estimated with a Cl- 

microelectrode using the MIFE technique as described by earlier (Chakraborty et al. 2016; 

Hasanuzzaman et al. 2019). Chloride microelectrodes were prepared using a selective Cl- 

liquid ion ionophore (LIX, Sigma, 99408-01). Concentrations were obtained in mM and 

then converted to mg/g dry weight. 

5.2.5 Scanning electron microscopy (SEM) of Sarcocornia 

quinqueflora bead surface to identify crystalline material 

components  

 Scanning electron microscopy (SEM) was carried out on a FEI MLA 650 SEM at 

the Central Science Laboratory, University of Tasmania. A stem sections of plants grown 

under 0 and 800 mM NaCl were cut with scissors and attached to a 12 mm diameter 

aluminium pin SEM mount using a PELCO conductive carbon double-sided sticky tab. The 

sample was imaged uncoated in variable pressure mode at 60 Pa water vapour pressure and 

15 kV accelerating voltage using a FEI backscattered electron (BSE) detector. Energy 

dispersive x-ray spectra (EDS) were acquired using a Bruker Quantax Esprit 2.1 EDS 

system with two XFlash 5030 detectors. 

5.2.6 Statistical analysis 

 The values are given as means with standard errors when indicated, and statistical 

significance of data was determined by analysis of variance (ANOVA). Significance 

difference was compared at 5 % probability level using Statistix 8.1 (Analytical Software, 

Tallahassee, FL, USA) software. 
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5.3 Results 

5.3.1 Plant growth under various salt concentrations  

 S. quinqueflora showed classical response of a halophyte with a reduced growth at 

zero salinity (Fig. 5.1 A). The stimulating effect of salt in comparison to plants grown under 

zero-salt level was observed with an increase in salinity levels up to 600 mM NaCl. The 

peak values (maximum stimulation) were observed at 200 mM NaCl, with 9-fold increase 

in the measured parameters in the shoots and 4-folds in the roots, compared to growth at 

zero salinity (Fig. 5.1 A). Concentrations between 200 and 600 were also stimulatory 

(compared to zero salinity) but not as efficient. Further increase of NaCl concentration to 

800 and 1000 mM led to inhibition of the plant growth with both root and shoot parameters 

measured showing values below those at zero salinity with 20% growth reduction at 1000 

mM NaCl in both shoots and roots.  

 The enhanced growth with optimal salt range (200-400 mM NaCl) was reflected by 

a well-developed root system (Fig. 5.1 B) along with an increase in the length of leafy stems 

and leafy stem branches (Fig. 5.1 C) in addition to the bead length and thickness (Fig. 5.1 

D) in comparison to zero-salt plants. Also, the marked increase in number of main leafy 

stems (MLSs) per shoot (Fig. 5.1 E, G) contributed the optimal growth promotion rather 

than the number of beads per leafy stem (beads/LS, Fig. 5.1 E) that went more or less 

unchanged around those in plants lacking salt. The number of main propagated roots per 

plant (MPRs, Fig. 5.1 G, E) was increased at 200 and 400 mM NaCl indicating the 

stimulatory effect of those concentrations (Fig. 5.1 E, shown in grey). Higher salt 

concentrations did not increase MPRs that remained around those values of zero-salt. 

5.3.2 Colour change in leafy stems under different salt levels 

 Leafy stem has changed its colour from green to red under prolonged salinity 

treatment in a dose-dependent manner (Fig. 5.2). The intensity of the colour change was 

largely affected by duration and intensity of the salt treatment. Eighteen weeks of plant 

growth under zero to 400 mM NaCl did not lead to a colour change with leafy stems 

remaining green even though the green colour was lighter under 200 and 400 mM NaCl 

(Fig. 5.2). Increase in NaCl concentration however led to a progressive development of the 

red pigments (betacyanins) starting from the bottom part of the stem, with an increase in the 
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Fig. 5.1: Agronomical characteristics of Sarcocornia quinqueflora after 10 weeks of treatments with a range of NaCl concentrations. (A) Shoot 

and root fresh weight (g plant-1); (B) Shoot height and width, and root length (cm); (C) Length of a leafy stem and leafy stem branches (cm); (D) 

Bead length (cm) and thickness (mm); (E) Number of main leafy stems per shoot (MLSs), number of beads per leafy stem (LS), and number of 

main propagated roots per plant (MPRs). (F) Main leafy stem (MLS) parts of Sarcocornia quinqueflora. (G) Illustration of well-rooted plant before 

the salt treatment showing main propagated roots (MPRs) and main leafy stem (MLS).  Error bars are SE of means of 4 biological replicates. Data 

labeled by different low case letters are statistically significant at P < 0.05. 
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colour intensity with increase in NaCl concentrations. Here the change in colour from green 

to red starts earlier (8 weeks before their development under optimum range) in plants 

treated with higher salt dosages in the order: 1000, 800 and then 600 mM NaCl. In addition, 

withering was observed at the lower most beads of all high salt dosages (600, 800, and 1000 

mM NaCl). 

5.3.3 Bead aging routes at different salt treatments 

 For clarity, the apparent morphological changes observed over plant aging were 

split into three groups based on responses to different salt treatments: zero (group 1), optimal 

(group 2, 200-400 mM NaCl), and severe (group 3: 600, 800 and 1000 mM NaCl) (Fig. 

5.3). Changes of the three routes were assessed during three developmental stages: early 

stage (Fig. 5.3 B, E, H), middle stage (Fig. 5.3 C, F, I), and late stage (Fig. 5.3 D, G, J). The 

colour changed occurred from green to yellow, and red/brown along with bead development 

under all the salt levels tested. However, the speed of the color change from early to late 

stage was higher for higher NaCl concentration. Thus, at zero-salt dosage development of a 

yellow colour during the developmental stages occurred later, compared to the other two 

groups treated with NaCl. Overall presence of NaCl in irrigation solution led to a 

development of the red colour in the beads with the time of appearance and colour intensity 

being proportional to the NaCl concentrations used. This is further confirmed by the fact 

that within each stage, the colour progressed from green to yellow and red much quicker 

with increase in NaCl concentration. In the late stage of development, the external 

appearance of a bead became dry for each group tested (Fig. 5.3 D, G, J). A special feature 

was observed in plant beads treated with NaCl only with salt crystals being observed at late 

stage of development (Fig. 5.3 G, J). Also, colour changes progressed with the 

developmental stages regardless of the presence of NaCl in the watering solution starting at 

the lower (older) bead and from the lowest part of that bead (internode) and then progressing 

in ascending order upright to change the whole bead colour.  
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Fig. 5.2: Colour changes (green colour intensity and red colour development) in Sarcocornia quinqueflora leafy stem after 18 weeks of different 

salt treatments (0, 200, 400, 600, 800 and 1000 mM NaCl). Blue arrowheads indicate withering developed at the bottom of the beads under high 

salt dosages (600, 800 and 1000 mM NaCl). Scale bar is 1 cm.
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Fig. 5.3: Different routes of bead aging of Sarcocornia quinqueflora under various salt levels: Route 1 - zero NaCl; Route 2 - optimal NaCl 

concentrations (200 - 400 mM NaCl); Route 3 - severe NaCl concentrations (600, 800 and 1000 mM NaCl). Changes of the three routes are 

assessed during three developmental stages: Early stage (Panels B, E, H), Middle Stage (C, F, I), and Late stage (D, G, J). Salt crystals protrude 

at the late stage in optimum (2 route) and severe (3 route) salt conditions only (see Panels G and J respectively).
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5.3.4 Sarcocornia quinqueflora bead anatomy 

 The typical anatomy of S. quinqueflora was assessed using a cross-section of a leafy 

stem bead (Fig. 5.4). Here we report the following structure of the bead in its primary form, 

starting from the external part to the internal (Fig. 5.4 A, B , D). An epidermis layer (E) 

consists of the barrel-shaped cells covered externally by a thick cuticle. The epidermis 

surrounds a mesophyll tissue that consists of palisade (Pa) cells rich in chloroplasts, 

followed by a cortex, commonly referred to as a water-storage layer (WS) with large 

parenchymatic cells observed (Fig. 5.4 A). At the internal end of cortex tissue, an 

endodermis-like layer (ED) with suberized cell walls observed (Fig. 5.4 B, D & magnified 

in Fig. 5.5 D). The plant also contains a second (internal) photosynthetic layer (IP) located 

in between the ED and the stele (Fig. 5.4 B, D & magnified in Fig. 5.5 D). Stele (vascular 

cylinder) occupies the inner part surrounded by the IP and consists of vascular bundles (VB), 

typically six to eight (in Fig. 5.4 B seven can be seen). Each vascular bundle (Fig. 5.4 B & 

magnified in Fig. 5.5 C) is a conjoint, collateral, open and end-arch structure that consists 

of a primary xylem (X1) (Fig. 5.4 D, yellow arrowhead) and a primary phloem (P1) (Fig. 

5.4 D, red arrowhead) but cambium in between is absent. However, a cambium ring (C) was 

developed between the internal photosynthetic layer (IP) and stele; it plays an important 

role for the secondary growth (Fig. 5.4 C, E) to give secondary phloem (P2) and secondary 

xylem (X2). In the center of this section, a hollow space does (H) exist.  

 Interestingly, vascular bundles are not only restricted to the stele; the water-storage 

layer (WS) also contains vascular elements known as cortical vascular elements (an orange 

arrowhead, Fig. 5.4 A & Fig.5.5 A, magnified in B). In addition, the IP arrangement 

appeared to be unique, i.e. two or three chlorenchyma cells were organized in a bridge-like 

structure leaving large intercellular spaces in between (Fig.5.5 D).   
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Fig. 5.4: Anatomical structure in Sarcocornia quinqueflora leafy stem' bead showing outer (senescent) (A) and inner (non-senescent) tissues in primary 

(B, D) and secondary (C, E) growth stages. Panel (D) represents the magnified part marked in Panel (B). Panel (E) shows secondary elements when 

secondary growth emerges. Abbreviations: E - epidermis, Pa - palisade tissue, WS - water storage tissue, CVB - cortical vascular bundle, ED - 

endodermis-like layer, IP - internal photosynthetic layer, C - cambium, VB - vascular bundle, X2 - secondary xylem, P2 - secondary phloem, and H 

- hollow. Orange arrowhead in Panel (A) points to CVB; while in Panel (C) the blue arrowhead is pointed to xylem vessels developed in X2 and a 

pink arrowhead indicates primary VB, and an orange arrowhead indicates interxylary phloem patches. In Panel (D) primary xylem X1 is indicated by 

a yellow arrowhead and primary phloem P1 - by the red one. Scale bar = 100 µm. 
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Fig. 5.5: Anatomic features of Sarcocornia quinqueflora leafy stem' bead showing in (A) 

the cortical vascular bundles (CVB) spread in the water storage tissue (WS) marked by 

orange arrowheads. Presence of the multilayer endodermis-like barrier (ED) is shown. (B) 

A magnified cross section of a cortical vascular bundle (CVB) after a treatment with 800 

mM NaCl for 18 weeks. (C) A magnified cross section of a stele vascular bundle (VB) under 

control (zero salt) condition. (D) The endodermis-like layer (ED) and the internal 

photosynthetic layer (IP) of the middle leafy stem region grown in the absence of salt. Scale 

bars are 100 µm for A and 10 µm for B, C, D.
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5.3.5 Salt-induced changes in bead anatomy  

 Anatomically, the whole bead thickness (Table 5.1) was strongly enlarged (about 

40% increment) under optimal growth salt range (200 - 400 mM NaCl) in comparison to 

those grown under zero salinity. On the other hand, an increase in salinity above the optimal 

range (to 600, 800 and 1000 mM NaCl under our experimental conditions) resulted in a 

further promotion of the bead thickness at a middle leafy stem region (although by only 

10%), reflecting an ideal developmental stage. Concentration of 600 mM NaCl appeared to 

be an intermediate one for the bead growth between the optimum and the extreme salinity. 

This was reflected in the fact that bead thickness of the top and bottom beads was induced 

while more severe salt levels (800 and 1000 mM NaCl) showed reduced thickness for the 

same regions. Interestingly, different tissues had different contribution to the enlargement 

in bead thickness at both optimum and severe salt dosages and at all leafy stem regions. 

Indeed, the percentage of the external tissues of both the WS and the Pa of whole bead 

thickness (Pa+Ws in Table 5.2) was higher at optimal salt levels over that at severe ones 

whatever the bead region (bottom, middle or top). On the other hand, the contribution of the 

ED and their enclosed inner tissues (ED+Inn in table 5.2) was greater under severe salt 

dosages over that at optimal conditions. For instance, the contributions to whole bead 

thickness of the external tissues at 200 mM NaCl (Pa+Ws) of the middle bead region was 

74.7 % compared to 60.6 % at 1000 mM NaCl; whereas the contribution of the internal 

tissues (ED+Inn) at the same bead region was 25.2 % at 200 compared to 34.9% at 1000 

mM NaCl.  

 In addition, the specific difference in the anatomical structure in response to various 

salt applications was followed through focusing on two main issues (Fig. 5.6): (i) the 

development of secondary tissues such as the X2 and the P2 as a result of the cambium ring 

activity (Table. 5.1 & 5.2) and (ii) development of the ED in terms of numbers of strata 

(Table. 5.3) and thickness magnitude (Table. 5.1 & 5.2). Both features were followed in 

bottom (old), middle and top (young) beads of a leafy stem (Fig. 5.6). In general, salt 

treatments resulted in accelerating secondary growth, also promoted development of the ED 

in both strata number and thickness. The increase in both secondary elements and the ED 

was greater in the bottom (old) beads in comparison to the top (young) ones, the response 

in the middle leafy stem region was intermediate (Table. 5.1 & 5.2). 

 At zero-salt dosage (Table 5.2 & Fig. 5.6 A, B, C), only the bottom beads showed 

secondary growth forming X2 internally and P2 externally, contributing to 3.96 and 4.86 % 
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of the bottom bead thickness, respectively (see blue arrow heads). The ED had showed 

different patterns in different leafy stem regions: in the top beads this layer and also IP were 

absent and did not develop yet, while for the middle beads this layer became obvious with 

one layer comprising 2.45% of the whole bead thickness. The ED further increased in the 

bottom beads showing three strata for this layer and its relative contribution to the bead 

thickness increased up to 5.79 % (Fig. 5.6 red arrow heads; Table 5.2). 

 Increase in salinity led to a progressive increase in secondary growth as well as  the 

thickness of the ED, with ED being observed in all the leafy stem regions. For instance, the 

percentage of whole bead thickness was 8.68 and 11.02 % in case of the X2 and 6.03 and 

6.30 % in case of the P2 for 200 and 400 mM, respectively, when measured in bottom stem 

region (Table 5.2). Under 200 mM NaCl, the number of ED strata was 3, 1 and 1, with 1.86, 

2.44 and 3.78 % percentage of bead thickness in the top, middle and bottom regions, 

respectively. The effect of the increased salt dosages above the optimal level was much 

more obvious in the bottom beads, with P2 and ED being developed rapidly (Table 5.2). 

Increase of salt dosage from 600 to 1000 mM NaCl led to an increase in the contribution of 

both P2 and ED to expanded bead diameter. The contribution was substantially higher at 

the bottom stem region in comparison to the middle one.  

 Likewise, numbers of ED strata also increased with increase in salinity with the 

numbers progressively increasing from the top to the bottom bead within the same salinity 

level (Table 5.3). Thus, the number of ED strata at the highest salinity tested (1000 mM 

NaCl) were 5, 4, and 3 for the bottom, the middle, and the top bead, while respective 

numbers at optimum salinity of 400 mM NaCl were only 3, 2, and 1, clearly linking severity 

of salinity stress and ED thickness. The highest NaCl concentration tested (1000 mM) had 

the most pronounced effect on anatomical structures of plants assessed (Fig. 5.6 P, Q, R). 

This salt dosage promoted and accelerated both secondary growth and the addition of more 

ED strata. Interestingly, all leafy stem regions (bottom, middle and top) at this salt level 

appeared to reach maximum secondary growth and the cambium ring completely 

disappeared (Fig. 5.6 P, Q, R). Moreover, these regions showed more than one stratum of 

ED even at the top leafy stem region recording 3, 4 and 5 strata (Table 5.3) and the highest 

ED contribution to increased bead diameter.  
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Fig. 5.6: Anatomical changes in leafy stem regions of Sarcocornia quinqueflora in the bottom, middle, and top sections (stained with 0.1% of 

toluidine blue dye) under different NaCl treatments: 0 mM (A, B and C), 200 mM (D, E and F), 400 mM (G, H and I), 600 mM (J, K and L), 800 

mM (M, N and O) and 1000 mM (P, Q and R). Scale bar is 100 µm. Red arrowheads indicate the alteration occurred for the endodermis-like layer 

(ED) under different salt concentrations. Secondary growth rate can be followed through the cambial ring (C) marked by blue arrowheads which 

is decreasing with increase in NaCl concentrations and completely exhausted at 1000 mM NaCl. 
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Table 5.1: Effects of different salt treatments (0 to 1000 mM NaCl range) on the diameter (µm) of Sarcocornia quinqueflora leafy stem tissues in 

the top, middle and bottom regions after 18 weeks of salt treatment. 

 

Abbreviations: BD - whole bead diameter, Pa - palisade tissue, WS - water storage tissue, ED+Inn - endodermis-like layer enclosing inner tissues, 

ED - endodermis-like layer, IP - internal photosynthetic layer, C - extra-fascicular cambium, X2 - secondary xylem, and P2 - secondary phloem. 

Values are means of 4 biological replicates ± SE. Different letters represent significant differences at LSD (0.05).  
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Table 5.2: Contribution of Sarcocornia quinqueflora leafy stem tissues to the whole bead diameter (%) in the top, middle and bottom regions 

under a range of salt dosages applied over 18 weeks of the treatments.  

 

Abbreviations: Pa - palisade tissue, WS - water storage tissue, ED - endodermis-like layer, IP - internal photosynthetic layer, C - extra-fascicular 

cambium, X2 - secondary xylem, P2 - secondary phloem, Pa+WS - palisade tissue + water storage tissue, ED+Inn - endodermis-like layer 

enclosing inner tissues. Values are means of 4 biological replicates ± SE. Different letters represent significant differences at LSD (0.05). 
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Table 5.3: The effect of different salt treatments on the number of endodermis-like layer 

(suberized layer) strata developed in Sarcocornia quinqueflora beads at different leafy stem 

regions (bottom, middle and top) after 18 weeks of salt application.  

 

Values are means of 4 biological replicates. 

5.3.6 Salt-induced crystallization in the bead’s outer tissues   

 A cross section through dry-looking beads at the late developmental stage (Fig. 5.7 

A) indicated that the three external layers only (epidermis, palisade tissue and cortex) had 

showed withering of either salt-treated or non-treated beads of S. quinqueflora. However, 

only salt treated plants had showed crystals of salt in the cortex area (Fig. 5.7 B, C). 

Moreover, both beads (salt treated and non-treated) still have an ED enclosing all the living 

internal parts (IP and stele (Fig. 5.7 D). 

 The components of the crystalline material were identifying through Scanning 

Electron Microscopy (SEM). The crystalline material formed on the surface is brighter in 

the BSE (backscattered electron) image (Fig. 5.8 B) than the plant material underneath. This 

indicates that it is of a higher density and on average contains elements with higher atomic 

number than the plant tissue, which points to an inorganic compound. EDS X-ray spectral 

analysis shown the presence of Na and Cl as major components of these crystals (Fig. 5.8 

F). A similar analysis undertaken on the plant surface free of such crystals showed a major 

peak for carbon plus minor peaks for O, Mg, Si, S, K, and Ca (Fig. 5.8 E). Only small 

amounts of Na and Cl were detected. The bright excretions on the "no salt" sample (Fig.8 

A) are much smaller and less abundant compared to the salt sample, and they are also not 

NaCl.
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Fig. 5.7: Morpho-anatomical features of Sarcocornia quinqueflora leafy stem' beads in the 

late developmental stage in either presence (800 mM NaCl) or absence of salt. (A) Salt 

crystals  developed and protruded in beads of salt-treated plants while crystals were absent 

in non-treated plants. Magnified images of the salt crystals (SC) (B and C). (D) A magnified 

image of the suberized layer (ED) enclosing the living inner tissues. Scale bar is 100 µm for 

B, C, D and beads cross sections in A and 1 mm for withered single beads in A.   
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Fig. 5.8: Scanning electron microscopy (SEM) analysis of Sarcocornia quinqueflora 

withered beads in late developmental stage grown under saline (800 mM) and non-saline 

conditions. Panel A shows the BSE (backscattered electron) image of bead surface with no-

salt treatment, and their respective EDS x-ray spectra given in panel C for spectrum 3 (bead 

surface itself) and D for spectrum 2 (for the tiny crystal found). Image for bead under saline 

condition is given in panel B where the crystalline material on the surface is brighter in the 

BSE. Corresponding EDS x-ray of spectrum 1 (panel E) was collected on the plant surface 

itself and spectra 2-4 were collected on the crystalline material and show the presence of 

Na+ and Cl- (panel F represent mineral composition in spectrum 3). 
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5.3.7 Mineral content in outer and inner tissues of different leafy 

stem regions 

 Ions of Na+, K+ and Cl- are known to be major contributors to osmotic adjustment 

at high salinity levels, especially in halophytes. Therefore, plant tissues of differently 

positioned beads were examined for the contents of these ions. Amounts of Na+, K+ and Cl- 

varied largely between different leafy stem regions (top, middle and bottom) as well as 

between the inner (IP, P2, X2, and primary stele components) and outer (E, WS and Pa) 

tissues of the endodermis like-layer (Table 5.4). A positive correlation between the ratio of 

ED to a bead diameter and the outer to inner concentration of Na+ was observed, with R 

values ranging between 0.746 (for top) and 0.981 (for bottom) leafy stem regions. Another 

positive correlation (R = 0.737) was obtained between the ED percentage of bead diameter 

and the ratio of outer to inner K+ concentration in case of bottom regions. The Na+/ K+ ratio 

in the inner tissues of the bottom beads at 800 and 1000 mM NaCl, that showed clear 

senescence symptoms, was around 1.0.  

 In the absence of salt treatment, both inner and outer tissues of all the leafy stem 

regions tested had high levels of K+ and low of Na+ and Cl-, similar to reported for other 

plants. Prolonged salinity treatment led to a dramatic accumulation of Na+ in each stem 

region, with Na+ accumulation being substantially higher in the outer tissues (up to 6-fold 

compared to zero salinity) compared to the inner tissues (2-4-folds). A similar trend was 

observed for Cl-, although the reported increase was smaller. On the contrary, increase in 

salt concentration from zero to 1000 mM led to a progressive decrease in K+ concentration 

in all three leafy stem regions, with the magnitude of decline being also higher in outer 

tissue (3-5-folds) compared to inner one (2-3 folds). In accord with this, the Na+/ K+ ratio 

was substantially higher in outer region compared to the inner one. Interestingly, the rate of 

decline in K+ concentration was very different in outer and inner tissues: K+ concentration 

in outer tissues sharply declined (by 75 %) after application the lowest NaCl concentration 

tested (200 mM) remaining at about the same level throughout all other NaCl concentrations 

tested (up to 1000 mM NaCl). In contrast, K+ concentration of the inner tissues in all the 

leafy stem regions declined progressively with increase in NaCl concentration and was 

higher than any respective K+ concentration for a given saline condition. Furthermore, K+ 

concentration in the top region of the inner tissue was better controlled and maintained at 

relatively high level that was not very different from K+ concentration at optimum growth 
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condition of 200 mM NaCl. Indeed, K+ content in the top leafy region at 200 mM NaCl was 

47.3 mg/g DW (90.2 % of that at zero salt) and decreased to 30.1, 26.7, and 18.0 mg/g DW 

at 400, 600, 800 mM NaCl in the environment, respectively (Table 5.4). Maintenance of K+ 

concentration in the tip of the leaf serves an important role providing growth of the plant. 

Hence the trends observed should have an important physiological role for plant growth 

under saline conditions.  

 Further analyses showed that the ratio of outer to inner concentrations of Na+ and 

Cl- were very similar for each NaCl concentration tested and gradually increased with 

increase in NaCl treatment (Table 5.5). Comparing different leafy stem regions, we found 

that a ratio for any given NaCl concentration was the lowest for the top stem region with 

maximum impact being observed in the bottom stem region. For example, for 600 mM NaCl 

treatment, this Na+ ratio between outer and inner layers was 2.33, 5.45 and 7.99 for top, 

middle, and bottom regions, respectively. Respective regions for Cl- outer/inner ratios gave 

a similar trend with respective numbers (from top to bottom) being 2.5, 3.13, 5.51. The latter 

trend correlated with the smaller decline in K+ ratio in the top stem region for any given 

NaCl concentration. Thus, K+ outer/inner ratio at 1000 mM NaCl was 0.91, 1.90, and 2.04 

for the top, middle, and bottom leafy stem regions, respectively.  

 Analysis of Na+/K+ ratio showed that only the top leaf region kept Na+/K+ ratio at 

the constant level (Table 5.5) regardless of external salt concentration. This correlates with 

the plant’s ability to grow/survive even at the highest (1000 mM) NaCl concentration tested. 

In contrast, an increase in NaCl concentration beyond the optimum level of 400 mM NaCl 

led to an increase in Na+/K+ levels in the bottom region. 
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Table 5.4: Mineral ion contents (Na+, K+ and Cl-) in the outer and inner tissues in the top, middle and bottom leafy stem regions of Sarcocornia 

quinqueflora after application of a range of salt concentrations over 18 weeks.  

 

Inner and outer tissues were mechanically separated and analysed as described in Materials and Methods. Values are means of 4 biological 

replicates ± SE. Different letters represent significant differences at LSD (0.05).  
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Table 5.5: Ratios of outer and inner mineral ion contents (Na+, K+ and Cl-) estimated 

separately in the top, middle and bottom leafy stem regions of Sarcocornia quinqueflora 

under a range of salt applications over 18 week treatments.  
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5.4 Discussion 

 Sarcocornia quinqueflora plant showed an optimum growth at 200 mM NaCl in 

comparison to non-saline condition, however the growth retardation by elevated salt 

concentrations became obvious only after 600 mM NaCl. Typically, growth optimums for 

most halophytes range from 50 to 250 mM NaCl, although, some extreme examples may 

have their growth optimum thresholds even higher (Flowers and Colmer 2008; Ventura and 

Sagi 2013; Moir-Barnetson et al. 2016). In this contest, Sarcocornia belongs to the upper 

end of this range. The enhanced growth under the optimum salt range was driven mainly by 

a well-developed root system (Fig. 5.1 B) along with an increase in the length of leafy stems 

and leafy stem branches (Fig. 5.1 C) in addition to the bead length and thickness (Fig. 5.1 

D) in comparison to zero-salt plants. Also, the marked increase in number of main leafy 

stems (MLSs) per shoot (Fig. 5.1 E,G) contributed growth promotion at the optimum growth 

range rather than the number of beads per leafy stem (beads/LS, Fig. 5.1 E) that went more 

or less unchanged around those in plants lacking salt. The previous criterion might indicate 

the ability of this plant, under optimum conditions, to priority a massive expansion rate of 

the elder succulent tissues rather than the increase in segments number, and simultaneously 

promote the proliferation of new branches. 

5.4.1 Red colour development: a possible link with antioxidant activity 

 The obtained differences in growth were mirrored by the parallel changes in plant 

colour, turning from green to red (Fig. 5.2 & 5.3). Similar results have been observed in a 

close relative of S. quinqueflora, an annual species of Salicornia brachiata (Parida et al. 

(2018). Usually, the development of the red colour in most plants is related to accumulation 

of anthocyanins in the cell vacuole (Lee et al. 2003). However, families of the order 

Caryophyllales such as Amaranthaceae accumulate betalains instead of anthocyanins 

(Parida et al. 2018). As a matter of fact, betalains never occurred with concomitant to 

anthocyanins in the same plant (Stafford 1994); nevertheless, both are water-soluble 

pigments accumulate in the vacuoles (Tanaka et al. 2008). In general, both anthocyanins 

and betalains are derived through Shikimate biochemical pathway. This pathway can lead 

to the formation of three aromatic amino acids; L-Tryptophan via 

Shikimate/Chorismate/Anthranilate route and both L-Tyrosine and L-Phenylalanine via 

Shikimate/Chorismate/Prephenate/Arogenate route. While L-Phenylalanine lead to the 



 Chapter 5 

  
HASSAN AHMED 170 

  
 

formation of Anthocyanins, L-Tyrosine drive the formation of either betacyanins (reddish 

to violet) or betaxanthins (yellow to orange). As mentioned above, the formation of 

anthocyanins relies upon the availability of L-Phenylalanine, however this amino acid may 

be exclusively restricted for the production of suberin monomer being responsible for the 

formation (through phenylpropanoid pathway) of ferulate, one of three precursors (together 

with fatty acid and glycerol) for suberin monomer building. The previous suggestion might 

indicate the preference of our plant to produce betalains (alternative red pigments through 

L-Tyrosine) instead of anthocyanins as they need to build the protective suberized layer 

(ED) as well (its role shown in detail later). Wang et al. (2006) have reported that low 

temperature and high salinity induced betacyanin synthesis in the halophyte Suaeda salsa. 

Also, (Parida et al. 2018) recorded a considerable increase in betacyanin and betaxanthin 

content (the two main classes of betalains) in the shoot of Salicornia brachiata in senescing 

plants suggesting their potential role in the scavenging of cytotoxic ROS (Hayakawa and 

Agarie 2010). The senescent tissues of succulent halophytes under severe saline condition 

seem to have an increased need of photoprotection (Parida et al. 2018), as photoinhibition 

usually resulted in a rapid accumulation of H2O2 in the chloroplast stroma and further 

translocation to other cell compartments (Nakano and Asada 1981). Therefore, vacuoles 

rich in anthocyanins or betalains act as a potential sink for excess H2O2, alleviating the 

photo-oxidative damage to the plants (Kytridis and Manetas 2006). Vogt et al. (1999) also 

reported that betacyanin synthesis is induced by UV-A in Mesembryanthemum 

crystallinum. In addition to their main potential role in protecting cells from photo-oxidative 

damage, anthocyanins or betalains might be required for osmotic adjustment (Hughes 

2011). The previous suggestion might illustrate their higher accumulation at no salt dosage 

of our experimental conditions as well.  

5.4.2 Chlorophyll degradation and yellow colour appearance  

 Both chlorophylls and carotenoids are broken down during senescence (Lee et al. 

2003). However, their degradation is not concurrent as carotenoids are maintained 

occasionally for longer time resulting in yellowish coloration of senescent tissues 

(Hörtensteiner and Lee 2007). The loss of green colour represents a visual mark for 

metabolic changes initiation during leaf senescence. A significant loss of chlorophyll and 

carotenoids content was observed with the progress of senescence in Salicornia brachiata 

(Parida et al. 2018). Our results also indicate loss of green colour with developed 
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senescence, even by naked eyes (as in Fig. 5.3). Chlorophyll degradation generates non-

fluorescent chlorophyll catabolites (Kräutler 2008; Hörtensteiner 2009; Hörtensteiner and 

Kräutler 2011; Sakuraba et al. 2012). These catabolites do not absorb visible radiation 

thereby protecting the plants from photo-oxidative damage during senescence 

(Hörtensteiner and Kräutler 2011). In addition, they also have effective antioxidant 

properties being low molecular mass tetrapyrrolic compounds (Kräutler 2008). 

Additionally, the typical pathway of chlorophyll degradation ends by the formation of either 

phylloquinone, that operates as an electron acceptor during photosynthesis, forming part of 

the electron transport chain of photosystem I, or α-tocopherol (a potent antioxidant). It 

seems clearly that chlorophyll degradation and betalains production are related largely to 

the required antioxidant activity needed by the plant tissue because of progressive ROS 

production as a result of disturbance in a light-harvesting ability. 

5.4.3 The importance of salt-induced anatomical changes toward Sarcocornia 

quinqueflora salt tolerance strategy  

 In general, elevated salt dosages resulted in accelerating secondary growth (Table 

5.1 & 5.2), i.e. X2 and P2 as a result of the cambium ring activity, also promoted the 

development of the ED in both strata number and thickness (Table. 5.1, 5.2 & 5.3). The 

increase in both secondary elements and the ED was greater in bottom (old) beads in 

comparison to top (young) ones, the response in the middle leafy stem region was 

intermediate (Fig. 5.6). The enhancement of the secondary growth under salt application 

was recorded for Sarcocornia fruticose (Saadeddin and Doddema 1986). Indeed, the 

accelerated addition of secondary elements might be a requirement for an efficient plant 

performance under salt stress as this results in adding a greater number of xylem vessels and 

potential salt compartments (cells of the conjunctive tissue in X2) together with sieve tubes 

of P2. Consequently, the maximum loading capacity of both transpiration and assimilate 

streams will be obtained. Indeed, control of xylem ion loading seems critical for efficient 

salt tolerance in plants (Shabala 2013), where concentration of NaCl in the xylem sap in 

tolerance species/genotypes was found to be lower than that in the external media (Zhu et 

al. 2017). We also found lower concentration of Na+ and Cl- ions in internal tissues (stele 

area) in comparison to outer tissues. Typically, halophytic species have their xylem 

concentrations ranging between 20 and 100 mM (Zeng et al. 2018; Shabala and Mackay 

2011). In addition, the contributions to the whole bead thickness from the external tissues 

https://en.wikipedia.org/wiki/Photosynthesis
https://en.wikipedia.org/wiki/Photosystem_I
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was 74.7 % at 200 mM NaCl and only 63.6 % at 1000 mM NaCl (for the middle bead 

region). At the same time, the contribution of the internal tissues at the same bead region 

was 25.20 % and 34.91% at 200 and 1000 mM NaCl, respectively (Table 5.2). This supports 

the notion about the importance of adding secondary elements at severe salt dosages after 

being futile to achieve more expansion of the outer tissues especially the water storage (WS) 

tissue.  

 Prior to colour change in outer tissues, S. quinqueflora plant developed an important 

biological barrier, ED. In its earlier developmental stage ED controls water and solute 

movements to the WS and determine Na+/ K+ ratio in outer and inner tissues. Later the ED 

in the multilayer (fully suberized) form may enclose and protect the internal tissues (mainly 

stele and IP) for many successive seasons (Fig. 5.7 D). Our results revealed that the presence 

of that layer selectively enhance a higher concentration of Na+ and Cl- in the outer tissues 

rather that the inner ones that could be utilized in raising osmotic potential of water storage 

cells as suggested above.  

5.4.4 The mineral distribution in outer (senescent) and inner (non-senescent) tissues 

correlate to the in-between barrier (endodermis-like layer) developmental magnitude  

 The development of the ED affected largely the mineral distribution in outer 

(senescent) and inner (non-senescent) tissues. A positive correlation between the ED 

percentage of bead diameter and the outer to inner Na+ was recorded in case of top (0.746), 

middle (0.797) and bottom (0.981) leafy stem regions. Indeed, it was noticed that 

correlations became stronger in bottom regions; and that sounds rational since the ED 

(suberized layer) in older beads increased in both number of strata and thickness. The 

immense difference in mineral accumulation along the biological boundary (endodermis 

like-layer) resulted in different outer/inner ratio for each mineral nutrient also gave rise to 

an enormous difference in the Na+/ K+ ratio over this barrier. In general, Na+ and Cl- content 

showed a massive increment in their accumulation in outer tissues when compared to inner 

ones. In addition, the values of outer to inner Na+ were almost similar to that of outer to 

inner Cl-. Hence, the Na+/ K+ ratio at all salinity levels was higher in the outer tissues 

comparable to the inner. For instance, plants grown under the optimum salt concentration 

(200 mM NaCl) recorded a Na+/ K+  ratio of 1.4, 2.5 and 2.3 for top, middle and bottom 

regions in the inner part, while the ratio was 8.2, 11.5 and 10.8 for the same outer regions, 

respectively. The increment in elements content from outer to inner tissues attributed largely 
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to the presence of specific water storage cells with enlarged vacuoles where the vacuoles 

work as Na+ and Cl- pool. Typically, the storage parenchyma protects the metabolically‐

active leaf mesophyll being a major Na+ sink, reducing salt load to the mesophyll tissue 

(Zeng et al. 2018). 

 The adverse effect of  NaCl application on K+ uptake was reported in Salicornia 

europaea (Ushakova et al. 2005), as under saline conditions plants preferentially absorb 

more Na+ and less K+ (Parida et al. 2018; Shi et al. 2005). In the succulent xerophyte 

Zygophyllum xanthoxylum K+ and Na+ transport was mediated by an inward rectifying K+ 

channel (ZxAKT1)(Ma et al. (2017). Our results indicated that the Na+/ K+ ratio was 

substantially higher in outer region compared to the inner one. In addition, different leafy 

stem regions had showed that a ratio for any given NaCl concentration was the lowest for 

the top stem region with maximum impact being observed in the bottom stem region. 

Moreover, K+ concentration was maintained in the tip of the leaf serves an important role 

providing growth of the plant. Accordingly, only the top leaf region kept Na+/K+ ratio at the 

constant level (Table 5.5) regardless of external salt concentration. This correlates with the 

plant’s ability to grow/survival even at the highest (1000 mM) NaCl concentration tested. 

Furthermore, the Na+/ K+ ratio in inner tissues of bottom beads at highest salinity treatments 

(800 and 1000 mM NaCl) that showed clear senescence symptoms was 1.0, indicative of 

complete separation of the outer and inner tissues at late developmental stage due to the 

fully suberized endodermis multilayer (ED).  

5.4.5 Development of an internal photosynthetic layer as a strategy for bead tolerance 

under saline condition  

 A developmental model is suggested to explain the salt-tolerance strategy in S. 

quinqueflora leafy stem' beads at different developmental stages (Fig. 5.9). At the first stage 

(Fig. 5.9 A), the bead in its primary form distinguished by two outer and inner 

photosynthetic layers, hence has two energy sources, and two different types of sinks. Sink 

1 relies on the energy gained from the Pa (Source 1) to achieve an efficient Na+ and Cl- 

sequestrations in the vacuoles of the water storage parenchyma (WS). Sink 2 utilizes sugars 

produced by IP (Source 2), provided by the phloem assimilate stream, to maintain basic 

growth and development activity in younger beads and also roots. In addition, mineral 

elements need to be unloaded from the xylem vessels and transported via transpiration 
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Fig. 5.9: A model depicting anatomical strategy used by Sarcocornia quinqueflora to adapt to high salinity. See explanations in the text.
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stream (orange scribble pathway, Fig. 5.9 A) to the WS. Hence, at this stage the ED 

represents the barrier to force symplastic movement of water and solutes. At the second 

stage (Fig. 5.9 B), secondary growth occurs adding more xylem vessels and phloem 

elements as well as additional cells to the conjunctive tissue in the internal tissues (the latter 

might work as additional salt-compartments). The ED become multilayered and increases 

in thickness. As a result, it operates as a barrier preventing back-leak of Na+ and Cl- 

sequestered in the WS. At the third stage (Fig. 5.9 C), the cells of the water storage 

parenchyma reach maximum expansion i.e., maximal Na+ and Cl- sequestration in the 

vacuoles achieved. Consequently, sugars produced by Source 1 may accumulate in the outer 

tissues as no energy-demand still required for Na+ and Cl- sequestration in Sink 1. In turn, 

sugars signals impair photosynthetic machinery and start chlorophyll and macromolecules 

degradation leading also to reactive oxygen species (ROS) production and triggering 

biosynthesis of their scavengers (betalains). As a result, the whole bead turns to red. In 

addition, cells of the developed barrier become completely suberized, hence becoming 

waterproofed, thus obstructing transpiration stream. The remobilization of nutrients and 

micro-molecules (and perhaps water) may undergo through the cortical vascular elements 

(CVB). Concomitant to this, some cells of the WS may become oversaturated with salt. 

Small crystals might develop inside these cells. Once developed, these crystals will 

represent the core-pulling sink for other mineral elements from neighboring cells leading to 

their growth.  

5.4.6 Conclusion 

 Salt shedding (senescence) of outer tissues in the succulent stems of the halophyte 

S. quinqueflora is mediated by a set of morphological, anatomical, and physiological 

alterations. Each leafy stem's bead work as a separate part possessing two featured 

anatomical structures i.e., the endodermis-like layer (ED), and the internal photosynthetic 

layer (IP). We suggested that the salt tolerance strategy in that plant builds upon two main 

features. The first one is accelerating the development of a biological barrier (ED) which in 

its earlier developmental stage, control water and solute movements to the water storage 

tissue (WS) and determine Na+/ K+ ratio in outer and inner tissues. At a later stage, this 

tissue becomes multilayered and highly suberized, thus protecting the internal tissues for 

many successive seasons. The second feature is a difference in the energy supply (source) 

for the outer and the inner tissues. The outer layer (palisade tissue) will fuel the water storage 

cells to mediate Na+ and Cl- sequestration in their vacuoles while the internal photosynthetic  
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layer (IP) operates as energy provider for young beads and roots.  
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Chapter 6 

Tissue-specificity of ROS-induced K+ and Ca2+ 

fluxes in succulent stems of S. quinqueflora in the 

context of salinity stress tolerance 

 

Abstract 

 Halophytes ability to thrive under saline condition perhaps implies a well-

regulatory case between ROS detoxification and signalling in plant adaptive responses. The 

causal relationship between salinity and oxidative stress tolerance in succulent stems of the 

perennial halophyte Sarcocornia quinqueflora was investigated. ROS-induced net K+ and 

Ca2+ fluxes from various bead (internode) tissues were also measured. The optimal growth 

level (200 mM NaCl) showed the lowest antioxidants concentrations, indicating the 

capability of this obligate halophyte to maintain favorable ROS levels at moderate salinity. 

Moreover, both sugars and ROS were positively correlated suggesting that growth/biomass 

reduction at these conditions probably mediated by re-allocation of the energy pool towards 

sugar production to operate as non-enzymatic antioxidant scavengers. A negative 

correlation was recorded for plant biomass and antioxidants, implying that the tendency to 

increase antioxidant activity should be treated as a damage control mechanism rather than 

a trait of direct salinity tolerance. The flux responses to oxidative stresses induced by either 

hydroxyl radicals (OH•) or hydrogen peroxide (H2O2) were governed largely by tissue-

specific function, type of ROS applied and tissue location i.e., being located in outer 

(senescent) and inner (non-senescent) parts of bead section. The magnitude of succulent 

tissues response to OH• was higher compared to response to H2O2. The ability to retain 

cellular K+ under OH• stress varied between different bead tissues and is ranked in the 

following descending order: Water storage-WS > Palisade tissue-Pa > Internal 

photosynthetic layer-IP > Stele parenchyma-SP. The results indicate high tissue specificity 

of S. quinqueflora succulent beads in relation to ion balance under ROS that is mainly 

determined by the developed suberized barrier. 
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6.1 Introduction 

Halophytes represent the natural models to investigate the causal link between 

salinity stress-induced production of reactive oxygen species (ROS) and stress tolerance. 

Their ability to thrive under saline condition perhaps implies a well-regulatory case between 

ROS detoxification and signalling in plant adaptive responses. Recent research and 

considerations have focused on ROS metabolism (Noctor et al. 2014; Hossain and Dietz 

2016), sensory and signaling networks (Dietz 2008; Miller et al. 2010; Suzuki et al. 2012; 

Baxter et al. 2014; Hossain and Dietz 2016), as well as the cross-talk with other signaling 

pathways (Suzuki et al. 2012; Noctor et al. 2014; Hossain and Dietz 2016). Generally, the 

production of ROS represents an unavoidable result for aerobic metabolism of plants 

growing under normal as well as unfavorable conditions (Sharma et al. 2012). The partial 

and stepwise reduction of molecular oxygen (O2) by high-energy exposure or electron-

transfer reactions leads to the production of the highly reactive ROS (Sharma et al. 2012; 

Martinez et al. 2016). The main sites of ROS production in plants are localized in different 

plant sub-cellular compartments, like the cytosol, chloroplast, mitochondria and 

peroxisomes (Saxena et al. 2016; Pandey et al. 2017; Petrov et al. 2015; Sharma et al. 2012). 

In addition, there are secondary sites as well like the endoplasmic reticulum, cell membrane, 

cell wall and the apoplast (Das and Roychoudhury 2014). In plants, normal metabolic 

pathways such as aerobic respiration and photosynthesis resulted in the continuous 

production of ROS as byproducts in different cellular compartments (Saxena et al. 2016; 

Karkonen and Kuchitsu 2015; Camejo et al. 2016). Therefore, ROS are inevitable 

components of aerobic metabolism (Pandey et al. 2017). 

 Under favorable conditions, ROS are constantly under control and being generated 

at adequate levels. Moreover, they are unable to cause damage, due to the cell efficient 

scavenging system by different antioxidant mechanisms (Foyer and Noctor 2005; Das and 

Roychoudhury 2014). The delicate balance between ROS generation and ROS scavenging 

may be disturbed by any deviation away from these optimum conditions (Das and 

Roychoudhury 2014). Overproduction of ROS in plants is induced by various stresses, 

including abiotic stresses (drought, temperature regimes, UV-B radiation, salinity, and 

metals/metalloids), and biotic ones (pathogen and herbivore) (Redondo-Gómez 2013; 

Anjum et al. 2016). ROS such as hydroxyl radical (OH•), superoxide radical (O•−2), 

hydrogen peroxide (H2O2), hydroperoxyl radical (HO•2), alkoxy radical (RO•), proxy radical 
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(ROO•), singlet oxygen (1O2) and excited carbonyl (RO∗), cause toxicity to plant cell 

(Vellosillo et al. 2010; Kapoor et al. 2015). They are strong oxidizers that can react with 

and damage a large variety of biological molecules (Petrov and Van Breusegem 2012; 

Petrov et al. 2015) such as nucleic acids, proteins, lipids and chlorophyll which can lead to 

cell injury and death (Gill and Tuteja 2010; Ben Rejeb et al. 2014). Elevated concentrations 

of Na+ and/or Cl– in cells contribute to the generation of ROS inducing oxidative stress 

(Rozentsvet et al. 2017; Koyro et al. 2009; Hossain and Dietz 2016) and to leading metabolic 

disorders, cellular damage, and premature senescence or necrosis (Moller et al. 2007; Jaleel 

et al. 2009; Miller et al. 2010; Habib et al. 2016). 

 Halophytes represent the best resources to reveal antioxidant processes owing to 

their efficient antioxidant systems for quenching toxic ROS produced under saline 

conditions (Mishra et al. 2015; Bertin et al. 2016). In most cases, higher plants cannot avoid 

the elevation in ROS levels, hence they triggered and developed dedicated pathways to 

protect themselves from ROS toxicity, as well as to use ROS as signaling molecules (Foyer 

and Noctor 2013; Vaahtera et al. 2014; Considine et al. 2015; Dietz 2015; Mignolet-Spruyt 

et al. 2016; Choudhury et al. 2017). The up-regulation of ROS-scavenging antioxidative 

enzymes and the synthesis of small, non-enzymatic molecules with antioxidant properties 

constitute the cyto-mitigation machinery of plant cells. A large number of ROS detoxifying 

proteins such as superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), 

glutathione peroxidase (GPX), and peroxiredoxin (PRX) (Choudhury et al. 2017), as well 

as antioxidants molecules such as ascorbic acid (AsA), glutathione (GSH), α-tocopherol 

(TC), flavonoids, polyphenols are present in almost all subcellular compartments (Surówka 

et al. 2019). In addition, some plants accumulate pigments (anthocyanins or betalains) in 

their vacuoles acting as a potential sink for excess H2O2, alleviating the photo-oxidative 

damage to these plants (Kytridis and Manetas 2006).  

 Stress identification, perception, and transduction of signals as well as the elicitation 

and initiation of proper physiological and biochemical mechanisms determine the survival 

and potential ability to cope with stresses (Ahanger et al. 2016; Hasanuzzaman et al. 2013). 

A common feature of the plants’ responses towards all these stressors is the production of 

ROS (Jaspers and Kangasjarvi 2010; Petrov et al. 2015). Although ROS are toxic 

byproducts of stress metabolism, they primarily function as signal transduction molecules 

that regulate different pathways during plant acclimation to stress (Choudhury et al. 2017). 
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The findings assured that ROS production is not necessarily a symptom of cellular 

dysfunction, but it might represent a necessary signal in adjusting the cellular machinery 

according to the altered conditions (Singh et al. 2017). It has become ostensible now that 

ROS plays an important signaling role in plants, controlling processes such as growth, 

development and especially the response to biotic and abiotic environmental stimuli (Das 

and Roychoudhury 2014). 

 Typically, salt stress persuades specific responses leading to an alteration in plant 

growth. The induced normal growth recovery is preceded by early signaling events, such as 

phospholipid signaling, calcium ion (Ca2+) responses, and ROS  production, together with 

salt stress-induced abscisic acid (ABA) accumulation (Julkowska and Testerink 2015). 

Plant performance under salt stress conditions is governed by the success in achieving the 

desired anatomical and morphological alterations as a result of acclimation responses 

induced by early salt-stress signalling pathways (Julkowska and Testerink 2015). Although 

some signalling cascades are specific, each stress-induced signal do not lie in an isolated 

pool, but some of them induce the production of others and may have a crosstalk when it is 

necessary to obtain the best adaptive, controlled and coordinated physiological and 

biochemical responses to a such stress stimulus (Ma et al. 2013; Perez-Clemente et al. 2013; 

Ahanger et al. 2016). One of the abundant secondary signalling elements in plant cells is 

cytosolic free calcium ([Ca2+] cyt) (Carrel and Willard 2005). Calcium might bind to 

different organic molecules including proteins involved in different required signalling 

(Ahanger et al. 2016). Increasing cytosolic Ca2+ in response to high saline conditions not 

only restore membrane voltage but also has a key role in stimulating the production of ROS 

(Dubiella et al. 2013; Miller et al. 2009; Julkowska and Testerink 2015). Mainly, an 

interaction between calcium-binding calmodulin (CBL9) and calcium-induced protein 

kinase (CIPK26) will lead to the propagation of ROS signal depending on activating 

respiratory burst oxidase homolog F (RbohF) (Drerup et al. 2013; Julkowska and Testerink 

2015; Jiang et al. 2012). Both ROS and Ca2+ then modulate the release of ABA, leading to 

the initiation of transcriptional responses (Ismail et al. 2014; Julkowska and Testerink 2015) 

activating ABA-dependent signaling to regulate growth and acclimation responses 

(Julkowska and Testerink 2015). 

 Recent findings indicate the involvement of ion channels in redox-dependent 

processes as well as sensing ROS (Demidchik 2018; Bogeski and Niemeyer 2014). The 

importance of ROS in cellular transport arisen from their interaction with various ion 
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transport proteins affecting membrane's channels, pumps, exchangers and cotransporters 

underlying the transmembrane signal transduction (Kourie 1998; Demidchik 2018). The 

mechanism of ROS-induced alterations in ion transport pathways involves 1) oxidation of 

sulfhydryl groups located on the ion transport proteins, 2) peroxidation of membrane 

phospholipids, and 3) inhibition of membrane-bound regulatory enzymes and modification 

of the oxidative phosphorylation and ATP levels (Kourie 1998; Tanveer and Ahmed 2020; 

Demidchik 2018). The plant ROS-activated ion channels were categorized in three groups 

including inwardly-rectifying, outwardly-rectifying, and voltage-independent groups. The 

inwardly-rectifying ROS-activated ion channels mediate Ca2+-influx for growth and 

development of roots and pollen tubes. The outwardly-rectifying group facilitates K+ efflux 

for the regulation of osmotic pressure in guard cells, induction of programmed cell death, 

and autophagy in roots (Demidchik 2018; Gilroy et al. 2014). Ion channels activated by 

ROS were reported in the plasma membrane of charophyte Nitella flixilis, dicotyledon 

Arabidopsis thaliana, Pyrus pyrifolia and Pisum sativum, and the monocotyledon Lilium 

longiflorum with the dominance of hydrogen peroxide and hydroxyl radicals as major 

activating species for these channels (Demidchik 2018).  

 ROS can signal prime stresses to proper gene expression through activation of Ca2+ 

influx and K+ efflux ion channels (Demidchik 2010; Tanveer and Ahmed 2020).The 

voltage-independent group mediates both Ca2+ influx and K+ efflux (Demidchik 2018). The 

ROS-activated K+ channels have recently been identified as products of Stellar K+ Outward 

Rectifier (SKOR) and Guard cell Outwardly Rectifying K+ channel (GORK) genes 

(Demidchik 2018; Shabala and Pottosin 2014). Another target of ROS signal transduction 

is the activation of Ca2+-permeable channels in plant membranes. Calcium influx into plant 

cells is mediated by Ca2+ depolarization-activated, hyperpolarization-activated and voltage-

independent Ca2+-permeable channels (DACCs, HACCs and VICCs respectively) while 

extrusion of Ca2+ from the cytosol is mediated by Ca2+-ATPases and Ca2+/H+ exchangers 

(Demidchik et al. 2002). Ca2+ and redox signals were found to be enhanced through self-

amplification of ROS- Ca2+hub mediated by Ca2+-activated NADPH oxidases and ROS-

activated Ca2+ conductance (Tanveer and Ahmed 2020; Demidchik and Shabala 2018). The 

ROS-Ca2+ hub contributes to physiological reactions controlled by ROS and Ca2+, 

demonstrating synergism and unity of Ca2+ and ROS signalling mechanisms (Demidchik 

and Shabala 2018). 
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 In the present work, the causal relationship between salinity and oxidative stress 

tolerance was investigated in succulent stems of the perennial halophyte Sarcocornia 

quinqueflora at the organ and tissue levels. Oxidative stress markers and non-enzymatic 

antioxidants production were investigated under various salinity levels (0-1000 mM NaCl) 

and related to plant biomass. ROS-induced net K+ and Ca2+ fluxes were measured from 

various bead tissues located either in outer (palisade tissue - Pa, water storage tissue – WS), 

and inner leafy stem part (internal photosynthetic layer – IP and stele (vascular cylinder) 

parenchyma – SP) in addition to the in-between barrier (endodermis-like layer – ED). Two 

types of ROS were used to induce ion fluxes, hydroxyl radical (OH•) and hydrogen peroxide 

(H2O2). The questions to be answered were: whether the presence of the ED (biological 

barrier) affects ROS-induced ion transport and the tissue-life span (senescent or non-

senescent)? Would the response of the two photosynthetically active tissues, Pa (located 

outer) and IP (inner) be identical? Would the two parenchyma cell tissues, WS (high affinity 

to store water) and SP show different responses? This work will help to shed light on the 

detrimental factors for ROS-induced ion flux in this perennial succulent halophyte with the 

aim to transfer ROS-related beneficial traits of halophytes to salt-sensitive crops.  

6.2 Materials and methods 

6.2.1 Plant material and growth conditions 

 The succulent halophyte Sarcocornia quinqueflora plants were collected from the 

South Arm coastline region (43°1′42″S 147°25′1″E) of Tasmania. The harvested plants 

were directly transferred to 1L plastic pots containing 70% composted pine bark, 20% 

coarse sand and 10% sphagnum peat. Plants were grown under controlled glasshouse 

condition (temperature range 19ᵒ C to 26ᵒ C; average humidity about 65%; day length 12-

14 h) and irrigated periodically with tap water in order to maintain the culture medium at 

field capacity. After some period of recovery, those plants were used as a source for newly 

asexually propagated cuttings. The propagated S. quinqueflora plants were potted in 25 cm 

pot size (one plant per pot) using the above potting mix and grown for a further two weeks. 

The uniform pots were categorized randomly into six groups (15 plants per group) and 

treated with six levels of salinity (0, 200, 400, 600, 800 and 1000 mM NaCl). Salinity 

treatment lasted for 18 weeks with respective NaCl being applied with irrigation water at 3-

days intervals.  
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6.2.2 Total plant biomass 

 Total plant biomass (g DW) was determined after 10 weeks of the treatments. Plants 

of 4 pots were thoroughly washed under tap water to remove any possible salt deposits on 

plant surface originating from the salt irrigation solutions, as well as remove soil particles 

the root might bear, and blot dried with paper tissue. To determine total dry biomass, 

samples were dried in the oven for 3 days at 60 ℃ and weighed using an analytical digital 

balance (Mettler Toledo, TLE3002).  

6.2.3 Determination of carbohydrates  

 Soluble, insoluble and total carbohydrates were measured spectrophotometrically 

using the anthrone-sulphuric acid method (Hedge et al. (1962). Total carbohydrates were 

extracted by boiling shoot or root dry matter for 3 h in 5 ml of hydrochloric acid with a 

concentration of either 4 N (for shoots) or 2 N (for roots). For soluble carbohydrates distilled 

water used as an extraction medium instead of acidic one. The anthrone-sulphuric acid 

reagent was added to supernatant and the developed green to dark green colour then was 

measured spectrophotometrically at 630 nm. The amount of total and soluble carbohydrate 

in the sample tube was calculated using a glucose calibration curve and then expressed as 

mg/g DW.  

6.2.4 Oxidative stress markers 

6.2.4.1 Determination of lipid peroxidation (MDA content) 

 The lipid peroxidation level was quantified in terms of malondialdehyde (MDA) 

content using the method recommended by Rao and Sresty (2000). MDA is the end product 

of lipid peroxidation of polyunsaturated fatty acids. MDA reacts with the thiobarbituric acid 

(TBA) in acidic buffer leading to the formation of red colour. 0.2 g of fresh leafy stem beads 

were extracted in 2 ml 0.1 % trichloroacetic acid (TCA) after being grinded using 

TissueLyser ІΙ (QIAGEN). The samples were centrifuged twice at 10000 g for 15 minutes 

at room temperature and the supernatant was collected. To 1 ml of sample extract, 4 ml of 

TBA-TCA reagent (20% TCA contained 0.5 % TBA) were added and tubes were incubated 

in 95 ᵒC water bath for 30 minutes. The intensity of the developed red colour was measured 

spectrophotometrically (SPECTRONIC 200, Thermo Fisher) at 532 nm and 600 nm. MDA 

concentration was calculated from the equation: MDA (mM) = (A532 – A600) /155, where 
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155 mM-1 cm-1 is an extinction coefficient for the MDA-TBA abduct at 532 nm. The final 

concentration was expressed in nmol per g tissue. 

6.2.4.2 Determination of hydrogen peroxide 

 The hydrogen peroxide level in leafy stem beads was estimated following the 

method recommended by Mukherjee and Choudhuri (1983). H2O2 forms a peroxide-

titanium complex (Pertitanic acid (H2TiO4)) by the reaction with titanyl sulphate (TiOSO4) 

generating a complex that can be distinguished by its yellow colour. 0.2 g of  fresh leafy 

stem samples were grinded using TissueLyser ІΙ (QIAGEN) and extracted in 2 ml pre-

chilled acetone. The samples were centrifuged twice at 2500 g for 20 minutes at 4 ᵒC and 

the supernatant was collected. To 1.0 ml of extract, 1.0 ml of titanyl sulphate reagent (0.1 g 

of TiO2 in 20 % H2SO4) was added. The intensity of the yellow colour was measured 

spectrophotometrically (SPECTRONIC 200, Thermo Fisher) at 415 nm against blank which 

had been prepared similarly but without plant tissue extract. The quantity of H2O2 (nmol/g 

FW) was determined using an external standard curve generated with known concentrations 

(0-100 nmol) of H2O2 (Liu et al. 2020; Sun et al. 2014). 

6.2.5 Antioxidant molecules 

6.2.5.1 Determination of betalains 

 Betalains content was quantified following the method described previously by 

Stintzing et al. (2003). The fresh leafy stem samples were extracted in 3 ml of acidified 

methanol (1% HCl v/v) in darkness under occasional shaking for 24 hours at 4 ᵒC as 

pigments are more stable at low pH ranges (5-5.5). The mixture was centrifuged, and the 

supernatant was collected. To 2 ml of sample extract, 2 ml of distilled water and 3 ml of 

chloroform were added and mixed well. Partitioning with chloroform was performed to help 

in removing lipids, carotenoids, chlorophyll pigments and other non-polar compounds. 

Centrifugation was applied at 2500 g for 15 minutes and the absorbance of the upper phase 

was read at 540 and 480 nm. The concentration of betalains was calculated as a sum of both 

betacyanins and betaxanthins concentrations. The concentration of the individual 

components of betalains was computed from the following formula: 

 Betacyanins (Betaxanthins) content (in mg / L) =  
(A × DF × MW × 1000)

(𝜖 ×𝑖)
 , 
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where: A= A540nm – A650nm (for betacyanins) and A480nm – A650nm (for betaxanthins); DF is 

the dilution factor, MW is the molecular weight (550 g/mol for betacyanins and 339 g/mol 

for betaxanthins), 𝜖  is the molar extinction coefficient in L mol-1 cm-1 which is equal to 

60,000 in case of betacyanins and to 48,000 for betaxanthins and 𝑖 is the path length  (1cm) 

of the cuvette. The pigments concentrations were then expressed in µg/g FW.  

6.2.5.2 Determination of α-tocopherol 

 The α-tocopherol content was estimated following the method recommended by 

Kivcak and Mert (2001). The method is based on the reduction of ferric to ferrous ion which 

then forms a red colour with the 2,2′-Dipyridyl reagent. The fresh leafy stem beads were 

extracted in chloroform for 1 h at room temperature. To 1.0 ml of extract, 100 µl of 2,2′-

Dipyridyl was added. After mixing, 100 µl of ferric chloride solution was added and 

vigorous shaking was applied for 10 seconds. Thereafter, the tube was left for another 50 

seconds followed by the spectrophotometric measurement being conducted at 522 nm. The 

α-tocopherol content was determined from standard curve of α-tocopherol and then 

expressed in µg/g FW. 

6.2.5.3 Determination of total flavonoids 

 The total flavonoids content was measured using the method recommended 

elsewhere (Richardson 1990; Harborne 1998). Flavonoids was determined using the same 

acidified methanol extract of betalains. To 2 ml of sample extract, 2 ml of distilled water 

and 3 ml of chloroform were added and mixed well. Centrifugation was applied for 15 

minutes at 2500 g and the absorbance of the upper phase was read at 374 nm. The 

concentration of total flavonoids (µg/g FW) was expressed in terms of quercetin equivalents 

from the following formula: Total flavonoids = (A374nm × Dilution Factor) / 76.6, where 

76.6 mol/cm is the absorption coefficient for flavonoids. 

6.2.5.4 Determination of ascorbic acid 

 The ascorbic acid content was quantified using the method recommended by Jagota 

and Dani (1982). Ascorbic acid reduces the oxidizing agent, Folin-Ciocalteau reagent, in 

acidic pH resulting in the formation of a blue coloured complex which can be measured 

spectrophotometrically. The fresh leafy stem samples were extracted in 10% trichloroacetic 

acid. After vigorous shaking, the tubes were kept in an ice bath for 5 minutes. Then, the 
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samples were centrifuged twice at 2500 g for 20 minutes at 4 ᵒC and the supernatant was 

collected. To 0.5 ml of the above extract, 1.5 ml of distilled water was added followed by 

2.0 ml of 10-times diluted Folin-Ciocalteau reagent (1/10 v/v). After 10 minutes the 

developed blue colour was measured spectrophotometrically at 760 nm. The ascorbic acid 

content was determined from standard curve of ascorbic acid and then expressed in µg/g 

FW.  

6.2.5.5 Determination of total phenols 

 The free phenolics content was estimated using the method recommended 

elsewhere (Bray and Thorpe 1954; Malik and Singh 1980) based on a reaction with the 

Folin-Ciocalteau reagent. Phenols react with the oxidizing agent, phosphomolybdate in 

Folin-Ciocalteau reagent, under alkaline conditions forming a blue coloured complex, the 

molybdenum blue. The fresh leafy stem samples were extracted in 50% methanol and 

incubated in a water bath at 80 ᵒC for 90 minutes. The samples were centrifuged twice at 

2500 g for 20 minutes at room temperature and the supernatant was collected. 100 µl of 

sample extract was completed to 1 ml using distilled water and 0.5 ml of Folin-Ciocalteau 

reagent was added. Three minutes later, 2.5 ml of 20 % Na2CO3 was added and mixed 

thoroughly. The absorbance of the developed blue colour was measured at 725 nm. The 

total free phenolics in the sample tube was determined from standard curve of gallic acid 

and then expressed as µg/g FW. 

6.2.6 Identification of different bead tissues of Sarcocornia 

quinqueflora for electrophysiological measurements 

 A set of electrophysiological experiments had been conducted to compare kinetics 

of  net K+ and Ca2+ fluxes from different S. quinqueflora succulent stem tissues (Fig. 6.1 A, 

B) in response to oxidative stress using the non-invasive Microelectrode Ion Flux 

Estimation (MIFE) technique (University of Tasmania, Hobart, TAS). Cross-sections of the 

S. quinqueflora succulent stems' bead (internode) were assessed for anatomical structure 

identification. The defined bead tissues are shown in Fig. 6.1 and include outer tissues 

(epidermis - E, palisade tissue - Pa, water storage tissue – WS), endodermis-like barrier - 

ED, and inner tissues (internal photosynthetic layer – IP and stele (vascular cylinder) – S).  
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Figure 6.1: Sarcocornia quinqueflora succulent bead tissues showing (A) outer and inner tissues assessed using the Microelectrode Ion Flux Estimation 

(MIFE) technique applied for measuring kinetics of K+ and Ca2+ fluxes in response to oxidative stress. (B) A magnification of inner tissues used in the 

measurements.  Abbreviations: E - epidermis, Pa - palisade tissue, WS - water storage tissue, ED - endodermis-like layer, IP - internal photosynthetic 

layer, S - stele, and H - hollow. Scale bars are 500 µm for A and 200 µm for B.   
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6.2.7 Microelectrode Ion Flux Estimation (MIFE) technique  

 In the last decade, non-invasive microelectrode ion flux measurements have become 

a popular tool in studying adaptive responses of plant cells and tissues to a large number of 

abiotic stresses (Wang et al. 2018; Shabala et al. 2016; Zeng et al. 2018). The theory of non-

invasive MIFE ion flux measurements was reviewed earlier (Newman 2001; Shabala 2006). 

The MIFE system components and the supplementary equipment required for flux studies 

are shown in detail in the methods provided in earlier publications (Shabala 2006; Shabala 

et al. 2012).  

 For conducting successful measurements using the MIFE technique, a set of 

consequent steps were undertaken: 

6.2.7.1 Fabrication of ion-selective microelectrodes  

 Borosilicate glass capillaries (GC 150-10, Harvard Apparatus Ltd., Kent, UK) were 

pulled out using a vertical puller (PP830, Narishige, Japan) to yield < 1 µm diameter tips. 

The pulled electrode blanks were cooked overnight in an oven at 225 ᵒC and silanised using 

tributylchlorosilane (Sigma-Aldrich, Cat.No. 282707) which brought hydrophobic 

properties to the electrode blanks facilitating the entry of the hydrophobic Liquid Ionophore 

Exchangers (LIXs). Cooled electrode blank was positioned on a filling station under the 

microscope and  its sharp tip was flattened by moving against a flat glass surface achieving 

a tip diameter of 2-3 µm. The fabricated blank electrode was then back filled with the 

electrolyte and front filled with the respective LIX. Prepared microelectrodes were stored 

in the experimental solution ready for calibration. Net fluxes of K+ and Ca2+ were measured 

from plant tissues using non-invasive microelectrodes. Microelectrodes were also used for 

estimation of Cl- concentration in sap. Commercial LIX cocktails used to fabricate K+, Ca2+, 

and Cl- electrodes were purchased from Sigma-Aldrich (catalogue numbers 60031, 99310, 

and 99408, respectively). Fluxes of K+ and Ca2+ ions were measured simultaneously and 

essentially from the same site on the plant tissue.  

6.2.7.2 Microelectrodes calibration 

 A set of three standards for each ion were prepared in the range covering 

concentrations measured. A reference electrode was fabricated by inserting a galvanized 

silver wire into a glass capillary (with ca 50 µm tip diameter) filled with 1 M KCl in 2 % 

agar and sealing the other side with parafilm for stability. The electrodes were mounted on 
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the MIFE set-up and calibrated each in a set of three calibration solutions that covered the 

range measured. The electrodes with a slope less than 50 mV per decade for monovalent 

ions (K+ and Cl-) and less than 25 mV per decade for Ca2+ (divalent ion) and correlation 

below 0.999 were discarded. Electrodes were prepared and used on daily basis. 

6.2.7.3 Sample preparation for MIFE measurements 

 The glasshouse experiments showed the best growth in the presence of 200 mM 

NaCl. Therefore, the latter plants were used for the MIFE measurements. The plant was 

brought to the lab and the bead (internode) was cut first vertically at the middle using a razor 

and then horizontally at 4 mm distance to yield semi-cylindrical cuts. These tissue cuts were 

dipped in Basic Salt Medium (BSM) containing 0.1 mM CaCl2, 0.5 mM KCl and 200 mM 

NaCl and kept overnight for tissue recovery. 

6.2.7.4 Screening for adequate BSM concentration and/or sample 

incubation time for the best initial flux 

 A set of preliminary experiments was conducted to confirm the proper BSM 

concentration is used under initial experimental conditions (before application of any 

stress). To achieve this, different concentrations of CaCl2 and KCl (0.1, 0.2, 0.3, 0.4, 0.5 

and 1 mM) on a background of 200 mM NaCl were screened as a BSM and the best with 

the near zero initial flux was used. Also tested was time required for tissue recovery after 

dissection and before the flux measurement initiation. Finally, the suitable BSM was 

considered to conduct all the measurements. In addition to un-buffered BSM listed above, 

a buffered BSM (containing MES and Tris buffers at low levels) was used to ensure pH 

control of the experimental solution during the measurements. The buffered BSM chosen 

for experiments contained: 0.4 mM MES hydrate adjusted to pH 5.6 with Tris (Trizma 

Base). 

6.2.7.5 Conducting measurement 

 The plant material was immobilised in a measuring chamber containing appropriate 

BSM for the measurements. The microelectrode tips were co-focused and positioned 20-40 

µm away (depending on a protocol) from the plant tissue to be measured. The initial flux 

was measured by the MIFE technique for 7 minutes and then a stressor was applied, and the 

flux measurements continued for another 40 minutes. Oxidative stress was applied to test 
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responses in different plant tissues. This was done by using H2O2 (20 mM final 

concentration in the measuring chamber) or by means of OH• (generated as a product of the 

mixture of 1 mM Sodium-L-Ascorbate and 0.3 mM CuCl2). The CHART software was used 

for data acquisition and the MFLUX for flux calculation assuming cylindrical geometry of 

the tissue (Newman (2001) for details). 

6.2.8 Mineral ions content in shoot sap and/or outer and inner 

tissues of Sarcocornia quinqueflora leafy stem 

 Na+, K+ and Cl- ion contents of the entire succulent shoot were extracted using the 

freeze-thaw method (Cuin et al. 2009; Adem et al. 2014). Shoot samples were harvested 

after 10 weeks of salinity treatments, rinsed thoroughly, and frozen at −20°C. The frozen 

samples were thawed, and the sap squeezed from the tissue using a pointed glass rod. After 

centrifugation, the sap samples were diluted 200-fold with distilled water and used for ions 

determination. To compare ions (Na+, K+ and Cl-) allocation between outer and inner tissues 

of succulent stem (Fig. 6.1), mechanical separation of the two parts were applied (18 weeks 

after salt treatment) using a razor, and tissues were dried in the oven at 60 ᵒC for 3 days. 

Dried samples were grinded using a mortar and pestle and weighed. An aqueous extraction 

of different minerals was prepared, a volume of 10 ml of distilled water was added to each 

sample and boiled in a water bath for 3 h (Chaudhary et al. 1996). Afterwards, the samples 

were centrifuged at 2500 g for 15 min. The supernatant was collected and brought up to the 

primary volume to be used in determination. Na+ and K+ ion contents were estimated using 

a Flame photometer (MODEL PFP7 Flame photometer; Jenway, Essex, UK). Chloride 

concentration of sap shoot extract was estimated with a Cl- microelectrode using the MIFE 

technique as described by earlier (Chakraborty et al. 2016; Hasanuzzaman et al. 2019a). 

Chloride microelectrodes were prepared using a selective Cl- liquid ion ionophore (LIX, 

Sigma-Aldrich, 99408). Concentrations were expressed in mM or mg/g DW.  

6.2.9 Statistical analysis 

The values are given as means with standard errors when indicated, and statistical 

significance of data was determined by analysis of variance (ANOVA). Significance 

difference was compared at 5 % probability level using Statistix 8.1 (Analytical Software, 

Tallahassee, FL, USA) software. Microsoft 365 Excel was used for correlation analysis. 
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6.3. Results 

6.3.1 Plant biomass and oxidative stress markers 

 The total dry biomass yield (g) of S. quinqueflora plant (Fig. 6.2 A) was highest at 

200 mM NaCl with 8-folds increase relative to zero salt. The salt-induced increase in dry 

mass production continued with NaCl concentrations up to 600 mM (Fig. 6.2 A). The 

highest salt level (1000 mM NaCl) resulted only in around 20% reduction in plant biomass 

compared with non-saline conditions. Plant response to various NaCl concentrations was 

also assessed in terms of carbohydrates contents (total and soluble; Fig. 6.2 B). In contrast 

to the plant biomass trend, carbohydrate accumulation was minimum under more 

physiologically favorable NaCl concentrations and increased at less favorable conditions of 

zero and with increase of NaCl concentrations. Oxidative stress markers, H2O2 and MDA, 

however, showed trends similar to those observed for carbohydrates with increased amounts 

at both higher and lower salt levels and minimum at optimal for growth NaCl concentrations 

(Fig. 6.3 A). This might be linked to the growth ability with the plant’s redox state at a given 

salt level and suggests induction of ROS production under these two unfavorable (for 

growth) conditions. High and positive correlations between carbohydrate levels and the 

amount of ROS produced were found (R= 0.86 and 0.68 in case of MDA and H2O2, 

respectively), suggesting a causal link between sugars signal and ROS productions. At the 

same time, a very strong negative correlation between the oxidative stress markers and total 

plant biomass was recorded (R= -0.94 and -0.88 for H2O2 and MDA, respectively).  

 

Figure 6.2: Sarcocornia quinqueflora whole-plant biomass grown under various NaCl 

concentrations for 10 weeks (A). Carbohydrates content and soluble sugars amount in the 

succulent shoots expressed per dry weight after 10-week treatments with a range of NaCl 

concentrations (0 – 1000 mM) (B). Mean ± SE (n = 4 biological replicates). Data labeled 

by different low case letters are statistically significant at P < 0.05. 
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6.3.2 Antioxidants and their relations to shoot mineral ions content  

 The content of antioxidant molecules (µg/g FW) went in parallel with those of 

oxidative stress markers showing always the lowest concentration at the optimum growth 

salt level (200 mM NaCl) and gradual increases up under less favorable for plant growth 

NaCl concentrations (both at zero and high, with one exception). The general trend was 

correct for betalains and its two main fractions, betacyanins and betaxanthins (Fig. 6.3 B), 

α-tocopherol and flavonoids (Fig. 6.3 C), and ascorbic acid (Fig. 6.3 D). The only exception 

was data for free phenolics produced in plants grown at zero salt concentration (Fig. 6.3 D). 

In contrast to other antioxidants, the latter resulted in production of minimum phenolics, 

similar to growth under optimum NaCl of 200 mM. However, salt applications induced a 

progressive and gradual increase in their content with maximum observed at 1000 mM 

NaCl, similar to other antioxidants. All the antioxidants correlated positively with either 

H2O2 or MDA while a negative correlation was observed with plant biomass. In addition, 

among the antioxidants only free phenolics had a positive correlation with shoot sap 

contents of Na+ (R= 0.77) and Cl- (R= 0.89), while ascorbic acid showed a positive 

correlation to shoot sap K+ (R= 0.87). Interestingly, total carbohydrates showed a positive 

correlation to all measured antioxidants, indicating a possible role for sugars in antioxidant 

processes. Also, soluble sugars correlated positively with K+ ion content (R= 0.77), while 

no relation was found in case of Na+ and Cl-, suggesting a role of K+ in enzyme-activated 

reactions related to carbohydrates metabolism.  

 

Table 6.1: Mineral ion contents (Na+, K+ and Cl
-
; mM) of shoots of Sarcocornia 

quinqueflora treated with a range of NaCl (0-1000 mM) for 10 weeks. 

 

 

Values are means of 4 biological replicates ± SE. Different letters represent significant 

differences at LSD 0.05. 
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Figure 6.3: Oxidative stress markers and antioxidants estimated in stems of Sarcocornia quinqueflora grown under a range of NaCl treatments (0 – 

1000 mM) for 10 weeks. Parameters are expressed per beads FW. (A) Oxidative stress markers (nmole/g FW); malondialdehyde (MDA) and hydrogen 

peroxide (H2O2). (B) Coloured antioxidants (Betalains) and their two main types betacyanins and betaxanthins expressed in µg/g FW. Other panels 

show other antioxidants (µg/g FW): α-tocopherol and flavonoids (C) and ascorbic acid and free phenolics (D). Error bars are means SE of 4 biological 

replicates. Data labeled by different low case letters are statistically significant at P < 0.05. 
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6.3.3 ROS-induced K+ and Ca2+ fluxes in Sarcocornia quinqueflora bead 

tissues 

 Outer and inner bead tissues of S. quinqueflora were tested for their ability to 

maintain K+ and Ca2+ homeostasis under ROS (OH• and H2O2) treatment.  

 While a transient K+ efflux was observed in response to application of both the 

stressors, the magnitude and timing of responses to OH• and H2O2 were substantially 

different (Fig. 6.4 A, B). The peak of K+ efflux in response to the hydroxyl radical (OH•) 

was 6- to 11-fold larger than that induced by H2O2 for any given bead tissue. For instance, 

peak K+ efflux recorded for stele parenchyma (SP) in response to OH• was -2616 nmol.m-

2s-1 while the corresponding value in case of H2O2 was -221 nmol.m-2s-1 (Fig 6.4 C, D). In 

addition, the magnitude of response dramatically was substantially higher in inner bead 

tissues (IP and SP) compared to the outer tissues (Pa and WS). Moreover, no K+ efflux was 

recorded for the outer tissues in case of H2O2. The timing of response to different ROS was 

also very different with a tendency of K+ flux return to the initial flux value in response to 

OH• application and no such a tendency in case of H2O2. Indeed, a quick reduction of net 

K+ efflux was observed from the peak value of -2616 nmol.m-2s-1 shortly after stress 

application to -800 nmol.m-2s-1 20 min later (see blue line in Fig. 6.4 A), while values of K+ 

efflux under H2O2 treatment remained at the peak value at least for 20 min from stress 

application. The in-between barrier (ED), located between inner and outer tissue of the bead, 

showed no changes in K+ flux in response to both ROS used, suggesting minor role of the 

tissue in maintenance of the ion homeostasis.  

 In contrast to the similarity of K+ response direction to ROS stress, the kinetics of 

Ca2+ flux responses depended on the type of ROS used and also varied among the tissues 

assessed (Fig. 6.5 A, B). Treatment with 0.3/1 mM Cu2+/ascorbate mixture (OH•) led to Ca2+ 

influx in all the outer and inner tissues (Fig. 6.5A). The overall level of Ca2+ uptake was 

higher in the outer tissue with the highest Ca2+ influx being recorded in the palisade tissue 

(Pa, 114.17 nmol.m-2s-1), while the internal photosynthetic layer (IP) showed the lowest 

influx value (49.08 nmol.m-2s-1). Treatment with 20 mM H2O2 induced different Ca2+ flux 

responses in bead tissues with Ca2+ influx being recorded only for the photosynthetically 

active tissues such as Pa tissue (9.32 nmol.m-2s-1) and IP layer (28.86 nmol.m-2s-1) (Fig. 6.5 

C, D). In contrast, the parenchyma tissues WS and SP showed transient Ca2+ efflux in 

response to H2O2 treatment with peak values of -90.88 and -144.01 nmol.m-2s-1, respectively 
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Figure 6.4: Kinetics of K+ fluxes from different Sarcocornia quinqueflora bead tissues in 

response to the ROS treatment applied as 0.3/1 mM Cu2+/ascorbate mixture (OH•) treatment 

(A) and 20 mM H2O2  (B). Error bars are means ± SE (n = 6–8). Tissue peak values of K+ 

flux for the treatments applied are shown in C (OH•) and D (H2O2). Abbreviations: Pa - 

palisade tissue, WS - water storage tissue, ED - endodermis-like layer, IP - internal 

photosynthetic layer, and SP – stele parenchyma. In C and D, ED – barrier between the 

outer and the inner bead tissues indicated by a dash line. 

  

(Fig. 6.5 C, D). The observed efflux returned to the initial pre-stress values within 15 min. 

Similar to K+ fluxes, the ED did not show any changes in Ca2+ fluxes in response to ROS 

application. 

 Analyses of the mineral ion contents of Na+, K+, and Cl- (Table 6.2; mg/g DW) in 

outer and inner bead tissues (measured in beads of middle leafy stem region, the ideal 

developmental stage) revealed that the outer tissues were able to maintain almost the same 

Na+ and K+ concentration under severe salt dosage (800 mM NaCl) as those grown under 

optimal condition (200 mM NaCl). However, dramatic changes were observed in mineral 

ions contents of the inner tissues under severe salinity (800 mM NaCl) compared to optimal 

growth condition, thus differentiating outer tissues as stress-tolerant and inner tissues as 

stress-sensitive.  
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Figure 6.5: Kinetics of Ca2+ fluxes from different Sarcocornia quinqueflora bead tissues in 

response to the ROS treatment applied as 0.3/1 mM Cu2+/ascorbate mixture (OH•) (A) and 

20 mM H2O2  (B). Error bars are means ± SE (n = 6–8). Tissue peak values of Ca2+ flux for 

the treatments applied are shown in C (OH•) and D (H2O2). Abbreviations: Pa - palisade 

tissue, WS - water storage tissue, ED - endodermis-like layer, IP - internal photosynthetic 

layer, and SP – stele parenchyma; ED – barrier between the outer and the inner bead tissues 

indicated by a dash line. 

 

 

Table 6.2: Mineral ion contents (Na+, K+ and Cl-) in the outer and inner tissues of the middle 

leafy stem regions of Sarcocornia quinqueflora grown under non-saline (0 mM), optimum 

(200 mM NaCl) and severe (800 mM NaCl) salt dosages for 18 weeks. 

 

Inner and outer tissues were mechanically separated and analysed as described in the 

Materials and Methods. Values are means of 4 biological replicates ± SE. Different letters 

represent significant differences at LSD 0.05. 
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6.4 Discussion  

6.4.1 Trends in sugars and ROS correlates similarly with plant biomass yield  

 Halophytes represent the best resources to reveal antioxidant processes, exhibiting 

efficient antioxidant systems for quenching toxic ROS produced under saline conditions 

(Mishra et al. 2015; Bertin et al. 2016). Their ability to thrive under saline condition might 

imply a well-regulatory mechanism between ROS detoxification and signalling in plant 

adaptive responses. The succulent halophyte S. quinqueflora shows an ability to extend 

growth for many successive season (perennial life-cycle). Therefore, maintaining ROS at 

adequate levels is a requirement to enable signalling processes and facilitate redox biology 

(Miller et al. 2008; Mittler 2002, 2017) for a better growth function. Typically, the first 

outcome of the partial reduction of molecular oxygen is the formation of superoxide anion 

(O2
•-) that is quickly converted to H2O2 by the action of superoxide dismutase (SOD). 

Besides, MDA is considered an important oxidative stress indicator resulting mainly from 

membrane lipid peroxidation, affecting almost all cell metabolic activities and often with 

irreversible actions (Halliwell and Gutteridge 2015). Our results revealed a very strong 

negative correlation between oxidative stress markers (H2O2 and MDA; Fig. 6.3 A) and total 

plant biomass (R= -0.94 and -0.88, respectively), linking the growth ability to the plant 

redox state at a given salt level. Optimal growth was obtained at 200 mM NaCl (Fig. 6.2 A) 

at which the lowest antioxidants concentrations were recorded, implying the capability of 

this obligate halophyte to maintain ROS levels under control at moderate salinity. In this 

regard, Hossain et al. (2017) showed that the unusual inhibition of ROS accumulation under 

severe salinity in sugar beet resulted from the involvement of specific cis-elements in the 

promoters of antioxidant genes in halophytes which are fundamental to developing high-

salinity tolerance.  

 Obligatory halophytes are known to have efficient mechanisms of Na+ exclusion 

from the cytosol to prevent ROS over-accumulation (Bose et al. 2014; Kumari et al. 2015). 

However, a progressive accumulation of H2O2 and MDA was recorded under our 

experimental condition that was proportional to increase in salt dosages (Fig. 6.3 A). 

Absence of NaCl in growth conditions also led to substantial increase of H2O2 and MDA. 

Trends in carbohydrate changes relevant to salinity levels (total and soluble; Fig. 6.2 B) 

were very similar to those of H2O2 and MDA. This similarity was further supported by a 
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high and positive correlation between carbohydrates and ROS produced (R= 0.86 and 0.68 

in case of MDA and H2O2, respectively), revealing a possible link for the role of sugars 

signalling toward ROS productions. Various metabolic reactions and regulations directly 

link soluble sugars with the production rates of ROS (Couée et al. 2006). Indeed, soluble 

sugars seem to have a dual role in respect to ROS; they can be involved in either ROS-

producing metabolic pathways or contribute to ROS scavenging (Couée et al. 2006). In 

regard to the latter, probably the reduction in growth/biomass at non-favorable conditions 

mediated by re-allocation of the energy pool towards sugar production to operate as non-

enzymatic antioxidant scavengers. In addition, ROS production enhance the strength and 

rigidity of the secondary cell walls achieved by the random cross-linking of monolignols, 

lignin precursors, through oxidative polymerization (Vanholme et al. 2010; Hamann 2012), 

preventing cell expansion and hindering the net turgor-induced growth of this succulent. 

According to Kaur et al. (2016), the increase in H2O2 content considered as a key 

determinant for conferring salt-stress tolerance that might have originated from an 

alternative route of photocatalytic chlorophyll (Chl) activity. In our case probably the 

photocatalytic Chl activity was inhibited by sugars accumulation in sink tissues rather than 

being exploited to energize vacuolar Na+ and Cl- sequestration given the shortage in the 

elements supply under non-saline condition and the inability to increase cell size 

(sequestration pools) under severe saline conditions. Thus, we suggest that growth/biomass 

reduction at higher salt dosages and/or non-saline conditions was mediated by sugars-

induced ROS production.  

6.4.2 Antioxidants pattern toward salt-adaptation in succulent shoots 

 Achieving ROS homeostasis implies an involvement of highly orchestrated ROS 

generating and scavenging systems (Mittler 2002; Apel and Hirt 2004; Schieber and 

Chandel 2014). Oxidants and ROS scavengers operate as a part of cellular stress signalling 

network engaging information from many metabolic pathways to (1) maintain cellular redox 

balance; (2) orchestrate the readjustment of redox homeostasis and redox/ROS-dependent 

signalling pathways; (3) regulate differential expression of salt responsive genes and 

transcription factors; and (4) activate the antioxidant/osmotic response network to modulate 

defense responses (Schmitt et al. 2014; Noctor et al. 2018; Hossain and Dietz 2016; 

Surówka et al. 2019). Ellouzi et al. (2011) showed that Arabidopsis thaliana exhibited a 

continuous increase in H2O2 concentration during the entire period of salt treatment while 

the halophyte Cakile maritima accumulated high H2O2 concentration, followed by a rapid 
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decrease in its content via efficient H2O2 scavenging mechanisms upon signalling 

completion. In agreement with this, Kurusu et al. (2015) reported that the ability of 

halophytic plants to activate antioxidant enzymes relied upon basal H2O2 level. Our results 

revealed that all antioxidants (Fig. 6.3) correlated positively with either H2O2 or MDA 

content. In the presence of transition metals, especially Fe; superoxide radical and H2O2 

form highly toxic hydroxyl radicals (OH•) (Hasanuzzaman et al. 2019b). Oxidative stress-

induced lipid peroxidation occurred by the aggressive ROS agent OH• (Demidchik 2014). 

A network of non-enzymatic antioxidants (e.g., polyols, tocopherols, polyamines, ascorbate, 

glutathione, proline, glycine betaine, polyphenols, carotenoids) represent the effective 

scavengers of OH• rather than traditional enzymatic antioxidants (Bose et al. 2014). Our 

findings showed a negative correlation recorded for plant biomass (Fig. 6.2 A) and 

antioxidant molecules (Fig. 6.3 B,C, D), implying that the tendency to increase antioxidant 

activity should be treated as a damage control mechanism rather than a trait of direct salinity 

tolerance (Shabala and Munns 2012). 

 6.4.2.1 Ascorbic acid and α-tocopherol  

 Ascorbic acid (AsA) functions as a reductant with an ability to donate electrons to  

scavenge O•−2, OH• and 1O2, and can reduce H2O2 to H2O via the ascorbate peroxidase 

(APX) reaction (Noctor and Foyer 1998). It was reported that long-term exposure to salinity 

stress or high NaCl concentration (1000–1500 mM) induces the accumulation of low 

molecular antioxidants such as AsA and glutathione (GSH) (Yildiztugay et al. 2014). 

Rozema and Schat (2013) showed that the stimulation of AsA accumulation under high 

salinity correlates with the rapid initial increase of H2O2 and lipid peroxidation. According 

to Lokhande et al. (2013), AsA efficiently protects Sesuvium portulacastrum tissues even at 

concentrations of NaCl as high as 1000 mM. AsA has an important role in dissipating excess 

excitation energy being a cofactor of violaxanthin de-epoxidase (Smirnoff 2000). AsA is 

known to regenerate the oxidized tocopherols from the toco peroxyl radical (TOC•), 

providing membrane protection (Smirnoff 2000; Horemans et al. 2000; Surówka et al. 

2019). The ability to regenerate oxidized tocopherol is important under salinity 

(Hasanuzzaman et al. 2019b). In this regard, a strong positive correlation was recorded 

between AsA and α-tocopherol (R=0.81) under our experimental conditions. Tocopherols 

are an essential component of biological membranes and are involved in scavenging of 

oxygen containing free radicals, lipid peroxyl radicals (LOO•) and singlet oxygen (1O2) 

radicals (Kiffin et al. 2006). Also, they act as a hydrogen donor; a component of the cellular 
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redox buffer (Surówka et al. 2019). Yu et al. (2011) reported that the α-tocopherol content 

of Puccinellia tenuiora was increased with elevated salinity. Tocopherols have a role in 

protecting the structure and function of PSII, reacting with ROS in chloroplasts 

(Igamberdiev et al. 2004). Our results are in agreement with the reported information with 

small increase of AsA and substantially higher (2-fold) increase in α-tocopherol 10-weeks 

after the treatment with various NaCl concentrations (Fig. 6.3 C, D). We also report that the 

magnitude of response was proportional to the severity of the stress with more antioxidants 

being accumulated under higher NaCl concentration. Unlike other reports, this study also 

revealed that unphysiologically low NaCl concentration of zero also leads to accumulation 

of AsA and α-tocopherol at the level higher than those accumulated at 1000 mM NaCl, 

confirming halophytic nature of S. quinqueflora and suggesting that antioxidants are 

required at any osmotic disturbance. The latter hypothesis will be testified in our future 

studies. AsA was the only antioxidant that showed a strong positive correlation with shoot 

K+ content (R=0.88), suggesting a role for AsA toward K+ homeostasis in this plant.   

6.4.2.2 Polyphenols and flavonoids 

 Polyphenols include various non-enzymatic antioxidants (flavonoids, tannins, 

anthocyanins and lignin) (Smirnoff 2005). Their chemical structure enables them to chelate 

transition metal ions, directly scavenge molecular species of active oxygen and inhibit lipid 

peroxidation by trapping the lipid alkoxyl radical (RO•) (Hasanuzzaman et al. 2019b). They 

also scavenge O•−2, OH•, H2O2 and 1O2 (Waśkiewicz et al. 2013). They can affect membrane 

transport, hindering diffusion of free radicals and restrict peroxidative reactions through 

modifying lipid packing order and decreasing fluidity (Hasanuzzaman et al. 2019b). Many 

halophytic species growing under salinity exhibited a strong correlation between Na+ and 

Cl- contents and polyphenol accumulation for photosynthetic active tissues and roots (Frary 

et al. 2010; Ramos et al. 2014; Reginato et al. 2014; Grigore and Oprica 2015; Qasim et al. 

2017). Our results also showed a strong positive correlation of phenolic content with Na+ 

and Cl- (R=0.77 and 0.89, respectively). The medicinal halophyte Tamarix gallica was 

reported to have relatively high polyphenol content and antioxidant defence capacity 

(Ksouri et al. 2009). Flavonoids are the largest group of naturally occurring phenolic 

compounds (Sulaiman and Balachandran 2012). They acting as direct scavengers of H2O2, 

1O2 and OH•. Similar to other antioxidants, concentration of flavonoids in beads increased 

with severity of the salinity stress. The latter is also applicable to free phenolics (Fig. 6.3 C, 

D). Flavonoids had a positive correlation (R=0.79) with phenolics under our experimental 
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condition. However, in contrast to all other antioxidants, free phenolics were not increased 

under zero salinity and start increase only under severe salinity levels (800mM NaCl and 

above) thus suggesting the special physiological role.   

6.4.2.3 Betalains 

 Betalains are water-soluble pigments accumulated in the vacuoles of plants' families 

that belong to the order Caryophyllales (Tanaka et al. 2008) with two main groups 

betacyanins and betaxanthins. Wang et al. (2006) reported that low temperature and high 

salinity induced betacyanin synthesis in the halophyte Suaeda salsa. Our findings showed 

an immense increase in betalains content (Fig. 6.3 B) under severe salt dosages and also 

under non-saline condition. Parida et al. (2018) recorded a considerable increase in 

betacyanin and betaxanthin content in the shoot of Salicornia brachiata in senescing plants 

suggesting their potential role in the scavenging of cytotoxic ROS (Hayakawa and Agarie 

2010). Indeed, vacuoles rich in anthocyanins or betalains act as a potential sink for excess 

H2O2, alleviating the photo-oxidative damage to the plants (Kytridis and Manetas 2006). In 

agreement with this, betalains showed a strong positive correlation with H2O2 (R= 0.84) 

under our experimental condition. Vogt et al. (1999) also reported that betacyanin synthesis 

is induced by UV-A in Mesembryanthemum crystallinum. In addition to their main potential 

role in protecting cells from photo-oxidative damage, anthocyanins or betalains might be 

required for osmotic adjustment (Hughes 2011). The previous suggestion might illustrate 

their higher accumulation in the absence of salt of our experimental conditions. A very 

strong negative correlation was recorded for betalains and total dry biomass (R=-0.92) while 

they correlated positively with all oxidant and antioxidants.  

6.4.3 ROS-mediated ion homeostasis in Sarcocornia quinqueflora bead tissues   

 Excessive ROS accumulation may disturb the intracellular ionic homeostasis under 

saline conditions. Recent findings indicate the involvement of ion channels in redox-

dependent processes as well as being able to sense ROS waves (Demidchik 2018; Bogeski 

and Niemeyer 2014). The importance of ROS in cellular transport arisen from their 

interaction with various ion transport proteins affecting membrane channels, pumps, 

exchangers and cotransporters underlying the transmembrane signal transduction (Kourie 

1998; Demidchik 2018). Ion channels activated by ROS were reported in the plasma 

membrane of charophyte Nitella flixilis, dicotyledon Arabidopsis thaliana, Pyrus pyrifolia 

and Pisum sativum, and the monocotyledon Lilium longiflorum with the dominance of H2O2 
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and OH• as major activating species for these channels (Demidchik 2018). ROS can signal 

prime stresses to proper gene expression through activation of Ca2+ influx and K+ efflux ion 

channels (Demidchik 2010; Tanveer and Ahmed 2020). Our results for K+ and Ca2+ flux 

measurements of different S. quinqueflora bead tissues indicate tissue specificity in plant 

responses to oxidative stress with inner part being more sensitive (Fig. 6.4 C, D) compared 

to the outer tissues. Responses to different types of ROS significantly differed suggesting 

“signature” response. Moreover, the tissue location in respect to the biological barrier 

(endodermis-like layer (ED)) either in outer (senescent) or inner (non-senescent) bead part 

(Fig. 6.1 A, B) seems also important for K+ and Ca2+ flux responses upon exposure to ROS.  

6.4.3.1 ROS-induced K+ flux in Sarcocornia quinqueflora bead tissues  

 The ROS-activated K+ channels have recently been identified as products of Stellar 

K+ Outward Rectifier (SKOR) and Guard cell Outwardly Rectifying K+ channel (GORK) 

genes (Demidchik 2018; Shabala and Pottosin 2014). The ROS-induced cytosolic K+ loss 

shows an ability to stimulate protease and endonuclease activity, promoting program cell 

death (Demidchik et al. 2010; Demidchik et al. 2014; Shabala and Pottosin 2014; Hanin et 

al. 2016). Hydroxyl radicals (OH•) have short life (half-life of 1 ns), they can diffuse over 

very short distances (<1 nm) and thus are less suitable for the role of the signaling molecules 

(Wang et al. 2018). However, they are known as highly aggressive oxidants with a great 

ability to induce activation of Ca2+ and K+ channels, leading to massive fluxes of these ions 

across cellular membranes (Demidchik et al. 2010; Demidchik et al. 2003). In that respect, 

our results indicated that the K+ efflux in response to OH• was greater than that induced by 

H2O2 for any given bead tissue (Fig. 6.4 A, B, respectively). For instance, peak K+ efflux 

recorded in response to OH• for SP (Fig. 6.4 C) was more than 10-folds over that induced 

by H2O2 (Fig. 6.4 D). Wang et al. (2018) investigated cell-based phenotyping in barley 

(Hordeum vulgare) and wheat (Triticum aestivum) and recorded the same patterns for OH• 

and H2O2 -induced K+ efflux. Similar to the published data, K+ efflux of S. quinqueflora 

reported here was 5- to 11-fold larger in response to OH• compared to H2O2 (Fig. 6.4 A, B). 

In contrast to the reported data, the response curve was very different in the two types of 

ROS tested with the quick decrease of K+ efflux from the peak value to near initial flux 

value within 20 min post stress application while application of H2O2 (20 mM) led to 

prolonged K+ efflux that remained at the peak value for the 20 min post the stress application 

tested. This might be linked to so-called ‘signature response” recently suggested by Shabala 

(2017).  
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 This work also differentiated responses to ROS in the inner and the outer tissues of 

the beads and linked them to antioxidant accumulation in those tissues. We report 20-30-

fold higher K+ efflux recorded from the inner bead tissues (IP and SP) compared to the outer 

tissues (Pa and WS) (Fig. 6.4 C, D). The tissues ability to retain cellular K+ can be ranked 

in the following order: WS > Pa > IP > SP (Fig. 6.4 A, C). This may be partially explained 

by the higher population of OH•-inducible K+-permeable efflux channels in inner tissues as 

suggested elsewhere (Shabala et al. 2016; Wang et al. 2018). This also may suggest that the 

presence of ED barrier is important to achieve the proper ROS-induced ion homeostasis for 

senescent and non-senescent tissues, supporting the need of maintaining growth by non-

senescent tissues in this perennial. In addition, K+ efflux from metabolically active cells (Pa 

and IP in our plant) may be a part of the mechanism inhibiting energy-consuming anabolic 

reactions and saving energy for adaptation and reparation needs (Wang et al. 2018; Shabala 

2017). Zeng et al. (2018) compared the electrical properties of mesophyll and storage 

parenchyma leaf tissues of the succulent halophyte species Carpobrotus rosii and showed 

that storage parenchyma cells possessed both higher Na+ sequestration and better K+ 

retention ability. That was also correct for our results, however, the tissue location in either 

senescent or non-senescent bead part also does matter and has a great influence on the 

response of the same cells type i.e., parenchymatic (WS or SP) or chlorenchymatic (Pa or 

IP). This also confirmed by the measured ion content for outer or inner tissues (Table 6.2), 

where Na+ and K+ ion content maintained at the same levels in the outer tissues within the 

wide range of salinity tested (200 to 800 mM NaCl), while dramatic changes occurred in 

the inner tissues. In addition, succulent beads of plants grown under severe saline conditions 

(800 or 1000 mM NaCl; for 18 weeks) showed that the development of betalains 

(antioxidant, also responsible for red colour) occurred only in outer tissues while being 

absent in the inner ones (Fig. 6.6). The latter criterion might indicate for a specific tolerance 

strategy of bead tissues mediated by the presence of ED barrier i.e., an isolation of inner 

tissues from high ROS levels and protecting them from being damaged by highly oxidative 

stress induced by large amount of salt being stored in outer tissues. Together the electrical 

properties and the ion content measurements of S. quinqueflora suggest a great tolerance 

ability (either salinity or oxidative stress) of the outer tissues over the inner ones.  

 We also report higher accumulation of non-enzymatic antioxidants for succulent 

shoots under our experimental condition that might have an important role in preventing 

OH•-induced K+ efflux from plant cells in a manner suggested earlier by Cuin and Shabala 
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(2007). Other reports showed  improved salinity stress tolerance in plants (Ashraf and 

Foolad 2007; Pandolfi et al. 2010).  

 

 

Figure 6.6: A Sarcocornia quinqueflora succulent bead (internode) after 18 weeks of severe 

NaCl treatment (800 mM) showing the development of betalains (red colour) in outer tissues 

while being absent in the inner ones. Scale bar is 1 mm.  

 

6.4.3.2 ROS-induced Ca2+ flux in Sarcocornia quinqueflora bead tissues 

 Another target of ROS signal transduction is the activation of Ca2+-permeable 

channels in plant membranes. Elevation in the cytosolic free calcium is crucial for plant 

growth, development, and adaptation (Wang et al. 2018). Application of ROS to S. 

quinqueflora bead tissues led to Ca2+ flux responses that was tissue specific and largely 

depended on the ROS used (Fig. 6.5). Hydroxyl radicals (OH•) always led to Ca2+ influx 

with the magnitude of being large in the outer tissues compared to the inner ones. Wang et 

al. (2018) also reported OH•-inducible Ca2+ influx through Ca2+-permeable influx channels. 

Calcium influx into plant cells is mediated by Ca2+ depolarization-activated, 

hyperpolarization-activated, and voltage-independent Ca2+-permeable channels (DACCs, 

HACCs and VICCs respectively). Pharmacological studies revealed that H2O2-induced Ca2+ 

uptake in Arabidopsis roots was strongly suppressed by application of 30 µM Gd3+, a known 

blocker of non-selective cation channels (Demidchik et al. 2007), and roots pre-treatment 

with either cAMP or cGMP significantly reduced H2O2-induced K+-leakage and Ca2+-influx 

(Ordoñez et al. 2014), implicating the involvement of cyclic nucleotide-gated channels (one 
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type of NSCC) (Demidchik and Maathuis 2007). Unlike the uniformed response to OH•, 

treatment with 20 mM H2O2 induced opposite Ca2+ flux responses in different bead tissues 

of S. quinqueflora (Fig. 6.5 B, D). The Ca2+ influx was recorded only from the 

photosynthetically active tissues (Pa and IP), with the peak Ca2+ influx of 19.32 and 28.86 

nmol.m-2s-1, respectively. In contrary, the parenchyma tissues (WS and SP) had transient 

Ca2+ efflux with the peak values of -90.88 and -144.01 nmol.m-2s-1, respectively. The latter 

were short lived and Ca2+ flux returned to pre-stress (zero) values 15 min post stress 

application. Extrusion of Ca2+ from the cytosol is mediated by Ca2+-ATPases and Ca2+/H+ 

exchangers (Demidchik et al. 2002). 

6.4.4 Conclusion 

 Sarcocornia quinqueflora is a succulent obligate halophyte showing a great potency 

to extend growth for many successive seasons under saline condition, that proven to have 

an efficient and well-regulated ROS-scavenging and signalling systems at tissue level. Our 

results indicated that plant optimal growth is achieved under 200 mM NaCl at which it 

maintains ROS under controlled levels. The absence or excess of salt in the growth media 

results in an overproduction of ROS leading to a reduced growth and is mediated by 

accumulation of soluble sugars at the amounts proportional to the severity of the stress. S. 

quinqueflora has well developed antioxidant systems including betalains, ascorbic acid, α-

tocopherol, polyphenols, and flavonoids. The levels of antioxidant production are 

proportional to severity of the stress with minimum level recorded at optimal growth salinity 

level of 200 mM NaCl. We report ROS-induced K+ effluxes that were highly tissue-specific, 

with inner tissues of the plant beads being more sensitive to ROS applied, as compared to 

the plant outer parts. The magnitude of ion flux response to OH• was higher compared to 

response to H2O2. The ability to retain cellular K+ under OH• stress varied between different 

bead tissues and was ranked in the following descending order: WS > Pa > IP > SP. 

Hydroxyl radicals (OH•) always led to Ca2+ influx with all bead tissues, while treatment with 

H2O2 induced opposite Ca2+ flux responses: the Ca2+ influx was recorded only from the 

photosynthetically active tissues (Pa and IP), while the parenchyma tissues (WS and SP) 

had transient Ca2+ efflux. It is concluded that S. quinqueflora plant possess high tissue-

specific ability to manage their ion homeostasis upon exposure to ROS. Also, the 

development of a suberized barrier (ED) may be important to isolate the internal ROS-

sensitive tissues from the over-produced ROS in the outer salt-accumulated tissues.  
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Chapter 7 

 General Discussion  

 Halophytes have evolved numerous adaptive mechanisms to cope with the presence 

of high level of salts in their natural environments that were a subject of many reviews 

(Dassanayake and Larkin 2017; Mishra and Tanna 2017; Ozfidan-Konakci et al. 2016; 

Flowers and Colmer 2015; Volkov 2015; Bose et al. 2014; Flowers et al. 2014; Shabala et 

al. 2014; Shabala 2013; Rozema and Schat 2013; Shabala and Mackay 2011; Koyro et al. 

2008; Agarwal et al. 2013). Most of these papers were focused on annual species. At the 

same time, perennial halophytes represent a rich resource for understanding plant adaptation 

to long-term salinity stress. In contrast to annual halophytes, they need to maintain 

capability of growth and development for several seasons and, therefore, possess specific 

salt-accommodation tools among their overall salt tolerance strategy. Most previous studies 

of perennial halophytes (Amor et al. 2005; Khan et al. 2000b; Redondo-Gómez et al. 2007; 

Koyro et al. 2013; Naidoo and Rughunanan 1990; Khan et al. 2000a; De Souza et al. 2018; 

Moir-Barnetson et al. 2016; Rabhi et al. 2012; English and Colmer 2011; Marco et al. 2019; 

Wang et al. 2012; Pardo-Domènech et al. 2016; Vicente et al. 2004; de Araújo et al. 2006; 

Ramani et al. 2006; English and Colmer 2013; Rodriguez et al. 1997; Yeo 1981; Clipson et 

al. 1985; Clipson and Flowers 1987; Ventura et al. 2014; Benzarti et al. 2014; Zeng et al. 

2015) investigated whole-plant physiological responses such as plant water relations, leaf 

gas-exchange and photosynthesis, ionic homeostasis and redox balance. The role of specific 

morphological and anatomical features has received much less attention, and has been never 

linked with tissue-specific ionic relations. Succulence is one of that important strategies by 

which perennial halophytes conserve water and sequester massive amounts of salt away 

from susceptible tissues and intracellular compartments. Succulent halophytes can be used 

as convenient models for understanding the mechanistic basis of plant adaptation to salt 

stress. This understanding is important for improving water use efficiency (WUE) in crop 

plants that undergo a salt-induced physiological drought under saline condition. 

Sarcocornia quinqueflora is a succulent halophyte with the ability to grow and survive for 

many successive seasons showing a perennial lifecycle. This study revealed that the salt 

tolerance strategy of that plant includes a complex network of interaction of different 

morphological, anatomical, and physiological traits that operate in a strict developmental 

context and are strongly affected by the severity of the imposed stress.   
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7.1 Growth of Sarcocornia quinqueflora under a range of salinity   

 Sarcocornia quinqueflora is a typical euhalophyte with an optimum growth 

between 200 and 400 mM NaCl (Fig. 4.1 A). The drastic reduction in the growth at zero 

salinity indicates that the plant is an obligate halophyte. Treatments with severe salt dosages 

(above 600 mM NaCl) had negatively impacted plant performance; nonetheless, 

Sarcocornia plants were able to maintain growth under NaCl levels doubled of that in sea 

water (e.g. 1000 mM). Typically, growth optimums for most halophytes range from 50 to 

250 mM NaCl, although, some extreme examples may have their growth optimum 

thresholds even higher (Flowers and Colmer 2008; Ventura and Sagi 2013; Moir-Barnetson 

et al. 2016). In this context, S. quinqueflora belongs to the upper end of this range. The 

enhanced growth under the optimum salt range was driven and reflected by a well-

developed root system (Fig. 5.1 B) along with an increase in the length of leafy stems and 

leafy stem branches (Fig. 5.1 C) in addition to the bead length and thickness (Fig. 5.1 D) in 

comparison to zero-salt plants. Also, the marked increase in the number of main leafy stems 

(MLSs) per shoot (Fig. 5.1 E,G) contributed to growth promotion at the optimum growth 

range rather than the number of beads per leafy stem (beads/LS, Fig. 5.1 E) that went more 

or less unchanged around those in plants lacking salt. The former criterion might indicate 

the ability of this plant, under optimum conditions, to priorities a massive expansion rate of 

the elder succulent tissues rather than the increase in bead number, and simultaneously 

promote the proliferation of new branches. In addition, a different contribution of either 

shoot or root to the total dry biomass (shoot or root/plant DW ratio) was recorded under 

experimental conditions tested (Fig. 4.1 B). A higher proportion of shoot/plant DW 

(indicative for growth functions) was recorded under the optimum salt range (200 - 400 mM 

NaCl) and progressively decreased with further increase of salinity to 1000 mM NaCl. The 

root/plant DW (indicative for supportive functions) ratio showed the opposite trend under 

relevant treatments.  

7.2 Physiological responses of Sarcocornia quinqueflora shoots under 

various salinities 

 Several traits govern the performance of a plant under salinity stress; these are 

related to leaf gas exchange (transpiration and photosynthesis-related CO2/O2 exchange), 

ionic relations (transmembrane transport, sequestration, homeostasis), and water relations 

(osmotic adjustment, turgor changes) (Koyro et al. 2008). S. quinqueflora has efficient 
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mechanisms that confer most of these traits at salinity levels exceeding sea water 

concentration. The overall growth of S. quinqueflora shoots was governed by the ability to 

increase the cell turgor under saline conditions. In this regard, the values of the succulence 

index (Fig. 4.2 D) under saline condition went largely in parallel to plant water content (Fig. 

4.1 C). A positive correlation (R=0.70) between shoot water content and their surface area 

was recorded; also, shoot water content correlated positively with osmolality and inorganic 

and organic solutes accumulation, indicative of the turgor-driven expansion growth. A 

strong negative correlation was recorded between shoot surface area and photosynthetic 

pigments content (R= -0.86 for Chl a; R = -0.81 for carotenoids), showing that the limitation 

in turgor-induced growth at higher salt dosage resulted in condensed pigments while being 

distributed properly under optimum salt range (200-400 mM NaCl) for efficient light 

harvest ability where pigments recorded the lowest concentration at these levels.  

 In addition, concentrations of carbohydrates under severe salt dosages (Fig. 4.4 A, 

B) indicate that growth reduction recorded at these salinity levels was not associated with 

inefficient photosynthetic machinery and shortage of assimilates. Both carbohydrates (Fig. 

4.4 A, B) and proteins (Fig. 4.4 C, D) were present in highest quantities at non-saline or 

severe salt dosages. These rules out their direct involvement in plant osmotic adjustment, as 

cell sap osmolarity increased proportionally to increasing salinity levels. In halophytes, the 

concentration of organic solutes is often insufficient to confer any significant contribution 

to the overall solute potential so they are used for osmotic adjustment only in the cytosol 

(Rhodes et al. 2002). Both growth and mineral ion content data suggest that S. quinqueflora 

plants achieved vacuolar osmotic adjustment exclusively by sequestration of Na+ and Cl- 

while using K+ and organic osmolytes to concurrently increase the osmotic pressure of the 

cytosol, to prevent water movement between these two compartments. Typically, Na+ and 

Cl− are compartmentalized in vacuoles, to maintain their concentrations in the cytoplasm 

within reasonable limits (Jones and Gorham 2002). In that respect, the contribution of Na+ 

and Cl- ions (vacuolar osmolytes) to osmolality (Table. 4.2) was higher even at zero salt 

level, contributing to 71.6% of the cell osmolarity. Under the broad saline conditions (200 

– 1000 mM NaCl), the overall contribution of Na+ and Cl- fluctuated between 84 and 86 % 

while the role of organic osmolytes was very minor (11 to 13%; Table 4.2). These numbers 

are a good match to the relative ratio between cytosolic and vacuolar volumes (e.g. 10 and 

90%, respectively). Our results in agreement with those obtained by Albert et al. (2000), 

where Na+ and Cl− were found to contribute 67% of the solute concentration (molar in shoot 
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water) while sugars were responsible for only 1% in 32 species of the Chenopodiaceae 

analysed. Therefore, S. quinqueflora growth was governed largely by the size of the 

vacuolar Na+ and Cl− pools rather than inadequate photosynthesis and substrate limitation. 

 Indeed, cells of the water storage tissue (WS) in a succulent shoot are the core-

motive for the cell expansion growth in this species and a key determinant for the whole-

plant growth under salt stress conditions. Succulent halophytes typically possess specific 

cells with extensible vacuoles to sequestrate cytotoxic Na+ and Cl- under toxic levels of 

these ions (Lv et al. 2012). This process relies heavily upon a coordination between the cell 

vacuolar sequestration capacity (VSC) of Na+ and Cl- (required to increase cell turgor under 

hyperosmotic saline conditions) and the extent of the cell wall extensibility (CWE) (Fig. 

7.1). The maximum VSC of Na+ and Cl- is required to keep the cytosol toxic-free and to 

decrease the cell osmotic potential which in turn elevates the turgor pressure (hence, 

succulence). However, the ability for expansion of the succulent tissues largely depends on 

the cell wall rigidity and mechanical properties. The latter traits could be causally related to 

the increased levels of ROS under non-optimal conditions as suggested in Fig. 7.1. Indeed, 

the strength and rigidity of the secondary cell walls was found to be achieved by the random 

cross-linking of monolignols, lignin precursors, through oxidative polymerization enhanced 

by the ROS production (Vanholme et al. 2010; Hamann 2012). In addition, cell growth and 

expansion might be governed by other several aspects such as: (1) demethylesterification of 

cell wall pectins, where the binding of Na+ to the substrate sites of pectin methyl esterases 

(PMEs) affects the process and thus inhibits the overall cell growth (Byrt et al. 2018; Nari 

et al. 1991; Zhao et al. 2020); (2) replacement of the apoplastic Ca2+ by Na+ that affects and 

interferes with pectin cross-linking, (Byrt et al. 2018) resulting in a reduced cell expansion 

(Proseus and Boyer 2012); (3) alkalinization of the apoplast that is usually induced by high 

salinity, while apoplastic acidification is required to promote the cell expansion (Zhao et al. 

2020). The regulation of expansin activities is thought to have a great influence on 

apoplastic pH and, hence, cell growth (Byrt et al. 2018). Generally, expansins are known to 

enable cell expansion by loosening cell walls under a variety of environmental stresses, 

including high salinity and drought stress (Wu and Cosgrove 2000).  

  



   Chapter 7 

  
HASSAN AHMED 228 

  
 

 

Figure 7.1: A suggested model for integrated sugars and ROS signals, mediating growth responses in Sarcocornia quinqueflora plants 

grown under non-optimal conditions (non-saline and severe salinity). Abbreviations: Pa – palisade tissue, ROS – reactive oxygen 

species (produced normally (green font); induced by non-optimal conditions (red font)), WS – water storage cell, Seq – sequestration, 

VSC – vacuolar sequestration capacity, CWR – cell wall rigidity, CWE – cell wall extensibility, TIG – turgor-induced growth, POD 

– peroxidases, ED – endodermis-like layer. Up arrows (increase) and down arrows (decrease). 
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The control of stomatal operation seems to be critical for S. quinqueflora plant 

performance under saline conditions. The stomata density and aperture surface area are 

known to be highly regulated in halophytes (Zhao et al. 2020). In general, halophytic plants 

are known for reducing stomatal densities beside promoting wide opening of stomata 

(Parida et al. 2004). Stomatal density negatively correlates salt tolerance in many halophytic 

species (Shabala 2013). Moreover, stomatal aperture is known to be controlled by ABA and 

H2O2, among many other environmental and internal signals (Geilfus et al. 2015). The fact 

that transpiration rate (Fig. 4.2 C) was maintained unchanged over the very broad (200 to 

1000 mM NaCl) range of salinities, despite the large difference in stomatal density (Fig. 4.2 

B) and aperture size (Table 4.1) suggests superior plant’s ability to optimize WUE and 

balance water loss with CO2 assimilation. Many halophytes decrease stomatal density with 

elevated salinity, such as Kochia prostrata (Karimi et al. 2005), Suaeda maritima (Flowers 

1985), Distichlis spicata (Kemp and Cunningham 1980), Atriplex halimus and Medicago 

arborea (Boughalleb et al. 2009), and Aeloropus lagopodies and Lasiurus scindicus (Naz et 

al. 2010). Importantly, K+ content also remained unchanged (~ 50 mM) over this entire 

concentration range (200 -1000 mM NaCl; Fig. 4.5 B) and correlated positively with leaf 

transpiration. Therefore, the tolerance strategy of S. quinqueflora shoots includes enabling 

turgor-induced growth through an efficient vacuolar Na+ and Cl- accumulation and 

maintenance of K+ threshold levels for an efficient stomatal operation.  

 Obligatory halophytes are known to have efficient mechanisms of Na+ exclusion 

from the cytosol to prevent ROS over-accumulation (Bose et al. 2014; Kumari et al. 2015). 

However, a progressive accumulation of H2O2 and MDA was recorded under our 

experimental condition that was proportional to increase in salt dosages (Fig. 6.3 A). Our 

results revealed a very strong negative correlation between oxidative stress markers (H2O2 

and MDA; Fig. 6.3 A) and total plant biomass (R= -0.94 and –0.88, respectively), linking 

the growth ability to the plant redox state at a given salt level. The optimum growth was 

obtained at 200 mM NaCl (Fig. 6.2 A) at which the lowest antioxidants concentrations were 

recorded, implying the capability of this obligate halophyte to maintain ROS levels under 

control at moderate salinity. Absence of NaCl in growth conditions also led to substantial 

increase of H2O2 and MDA. 

 The trends in the salinity-driven changes in carbohydrate levels (total and soluble; 

Fig. 6.2 B) were very similar to those of H2O2 and MDA. This similarity was further 

supported by a high positive correlation between carbohydrates and ROS produced (R= 0.86 
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and 0.68 in case of MDA and H2O2, respectively), suggesting a possible causal link for the 

role of sugar signalling toward ROS productions (Couée et al. 2006). In this regard, two 

suggestion might be plausible for the negative correlations of sugars and/or ROS with plant 

biomass. The first is that growth/biomass reduction at these conditions is likely mediated 

by the re-allocation of the energy pool towards sugar production to operate as non-

enzymatic antioxidant scavengers. The second possibility is a signalling role for the 

accumulated sugars in the sink tissues (WS cells) toward ROS over-production under non-

optimal conditions. The latter suggestion is built up on having an enduring efficient source 

(palisade tissue) for sugars delivered to WS tissue, to be exploited to energize vacuolar Na+ 

and Cl- sequestration under favorable conditions (Fig. 7.1). Therefore, sugars might 

accumulate under non-optimal conditions, giving the shortage in the elements supply under 

non-saline condition and the inability to increase cell size (sequestration pools) under severe 

salt condition, resulting in propagation of such ROS signal (Fig. 7.1). In addition to their 

role in increasing the secondary cell wall rigidity through the formation of lignin (Julkowska 

and Testerink 2015), ROS signal is also thought to have a key role in the formation of 

suberin in endodermal cells (Fleck et al. 2011). Therefore, accelerating the development of 

endodermis-like layer (ED) of S. quinqueflora beads under severe salinity and growth 

reduction might be induced by sugars accumulation. 

 Moreover, the propagation of ROS wave was suggested to be linked to the increase 

in cytosolic calcium Ca2+ (Dubiella et al. 2013; Miller et al. 2009; Julkowska and Testerink 

2015) through the salt-induced osmo-sensing mechanism. The latter usually involves a role 

for cyclic guanosine monophosphate (cGMP) which is thought to permit the influx of 

apoplastic Ca2+ into the cytosol through the mobilization of initial Ca2+ signal via activation 

of cyclic nucleotide gated channels (CNGC) (Donaldson et al. 2004; Julkowska and 

Testerink 2015). Also, a plasma membrane-localized protein that work as Ca2+ channel so 

called reduced hyperosmolality-induced calcium ion (Ca2+) increase 1 (OSCA1) may be 

responsible for increasing Ca2+ influx to achieve osmotic adjustment (Yuan et al. 2014; 

Julkowska and Testerink 2015). Therefore, the similar trends of ROS over-accumulation 

under non-saline and severe saline conditions might also be explained by osmotic stress-

induced Ca2+ signalling, that largely promotes ROS production. The latter suggestion, 

however, needs more investigation.  

 Sarcocornia quinqueflora possess a well-developed antioxidant system, including 

betalains, ascorbic acid, α-tocopherol, polyphenols, and flavonoids. Our results revealed 
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that all antioxidants measured (Fig. 6.3) correlated positively with either H2O2 or MDA 

content. Indeed, a network of non-enzymatic antioxidants (e.g., polyols, tocopherols, 

polyamines, ascorbate, glutathione, proline, glycine betaine, polyphenols, carotenoids) 

represent the effective scavengers of the aggressive ROS agent OH• rather than traditional 

enzymatic antioxidants (Bose et al. 2014). Our findings showed a negative correlation 

between salinity-dependent plant biomass (Fig. 6.2 A) and production of antioxidants (Fig. 

6.3 B, C, D), implying that the tendency to increase antioxidant activity should be treated 

as a damage control mechanism rather than a trait of salinity tolerance supporting earlier 

suggestions (Shabala and Munns 2012). 

7.3 Morpho-anatomical alterations with salinity increase as a tolerance 

strategy by Sarcocornia quinqueflora  

 Sarcocornia quinqueflora leafy stems are composed of succulent assimilating 

oblong internodes (beads), giving the plant an articulated appearance. Each bead may have 

a pair of oppositely arranged, but very reduced, scale leaves and the main photosynthetic 

organ is the stem (Redondo-Gómez et al. 2005). Each leafy stem bead (internode) can work 

as a separate part using their external tissues for storage of the water and salt under stressful 

conditions. This confers an acropetal gradient of accumulated mineral ions (Na+ and Cl-), 

allowing their over-accumulation in the outer tissues (mainly in WS tissue) of older beads 

located basipetally (Fig. 7.2). These morphological features keep the top beads unstressed, 

enabling the plant to grow/survive at extremely high salinity (1000 mM NaCl concentration 

tested in this study). The plant shows an ability to shed salt crystals developed in their older 

beads of their succulent stems. However, this feature is preceded by a set of morphologic 

and anatomic changes of the succulent beads (Fig 7.3). The change in bead colour (Fig 7.3) 

results from chlorophyll degradation, unmasked carotenoids and betalains production that 

are related largely to the required antioxidant activity needed by the plant tissue because of 

progressive ROS production as a result of disturbance in a light-harvesting ability (Parida 

et al. 2018).  

 Sarcocornia quinqueflora develops two distinct layers: an endodermis-like layer 

(ED; suberized layer), and an additional internal photosynthetic layer (IP). The endodermal 

cell possesses substantial suberin deposition that hinders apoplastic movement of water and 

solutes, with many environmental stresses such as osmotic shock, soil acidity, and extreme 

temperature inducing its formation (Franke and Schreiber 2007). In addition, Redondo-
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Gómez et al. (2005) had shown that the internal chlorenchyma cylinder is photosynthetically 

active. We followed the morpho-anatomical changes in S. quinqueflora leafy stem under 

different salt levels in beads of different ages to assess this biological barrier (ED) from non-

senescent to senescent stages. Our findings revealed that S. quinqueflora utilizes senescence 

process to discard excess salt accumulated in outer tissues of their leafy stems (salt 

shedding). The development of ED and IP appears to be important to enable this process 

and determines the overall salt-coping strategy of the plant. 

 In general, elevated salt dosages resulted in accelerating secondary growth (Table 

5.1 & 5.2), i.e. secondary xylem (X2) and secondary phloem (P2) as a result of the cambium 

ring activity, and also promoted the development of the endodermis-like layer in both strata 

number and thickness (Table. 5.1, 5.2 & 5.3). The increase in both secondary elements and 

the endodermis-like layer was larger in the bottom (old) beads in comparison to top (young) 

ones, while the response in the middle leafy stem region was intermediate (Fig. 5.6). The 

enhancement of the secondary growth under salt application was reported for Sarcocornia 

fruticose (Saadeddin and Doddema 1986), that probably results in a maximum loading 

capacity of both transpiration and assimilate streams under stress conditions. Control of the 

xylem ion loading is critical for efficient salt tolerance in plants (Shabala 2013). 

Concentration of NaCl in the xylem sap in tolerance species/genotypes was found to be 

lower than that in the external media (Zhu et al. 2017). Typically, halophytic species have 

their xylem concentrations ranging between 20 and 100 mM (Zeng et al. 2018; Shabala and 

Mackay 2011). We have also found lower concentration of Na+ and Cl- ions in internal 

tissues (stele area) compared to outer tissues. In addition, the contributions to the whole 

bead thickness from the external tissues was 74.7 % at 200 mM NaCl and only 63.6 % at 

1000 mM NaCl (for the middle bead region). At the same time, the contribution of the 

internal tissues at the same bead region was 25.2 % and 34.9% at 200 and 1000 mM NaCl, 

respectively (Table 5.2). This supports the notion about the importance of adding secondary 

elements at severe salt dosages after being futile to achieve more expansion of the outer 

tissues especially the water storage (WS) tissue. 

 Prior to colour change in the outer tissues (Fig. 7.3), S. quinqueflora plant developed 

an additional protection - a biological barrier, endodermis-like layer (ED). Indeed, an 

accelerating development of ED confers two important functions: (1) controlling water and 

solute movements to the water storage tissue (WS) thus maintaining Na+/ K+ ratio in outer 
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Figure 7.2: Ion distribution in Sarcocornia quinqueflora leafy stems grown for18 weeks under zero, optimum (200 mM NaCl) and 

severe (800 mM NaCl) salt concentrations. Beads of different ages (bottom (old), middle and top (young)) grown under different 

salinities are shown with the colour code being attributed to the level of senescence: green – unaffected/young, yellow – starting point, 

red – progressing senescence. Also shown for each bead are Na+/K+ ratio in outer and inner tissues (separated by endodermis-like layer 

– ED) and the outer to inner ratios of individual ions (Na+, K+ and Cl-).
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and inner tissues in earlier developmental stage (Fig. 7.4); and (2) protecting the internal 

tissues for many successive seasons when this tissue becomes multilayered and highly 

suberized at the later stage of growth. The development of the endodermis-like layer 

affected largely the mineral distribution in outer (senescent) and inner (non-senescent) 

tissues. A positive correlations between the endodermis-like layer to the bead diameter and 

of the outer to inner Na+ was recorded in case of top (0.746), middle (0.797) and bottom 

(0.981) leafy stem regions. The correlations became stronger towards the bottom regions 

that sounds rational since the endodermis-like layer (suberized layer) in older beads is 

increased in both the number of strata and the thickness. The Na+/ K+ ratio at all the salinity 

levels tested was higher in the outer tissues comparable to the inner ones (Fig. 7.2). For 

instance, plants grown under the optimum salt concentration (200 mM NaCl) recorded a 

Na+/ K+  ratio of 1.4, 2.5 and 2.3 for top, middle and bottom regions in the inner part, while 

the ratio was 8.2, 11.5 and 10.8 for the same outer regions, respectively. The increment in 

the elemental content from outer to inner tissues attributed largely to the presence of specific 

water storage cells with enlarged vacuoles where the vacuoles work as Na+ and Cl- pool. 

Typically, the storage parenchyma protects the metabolically‐active leaf mesophyll being a 

major Na+ sink, reducing salt load to the mesophyll tissue (Zeng et al. 2018). In addition, 

different leafy stem regions showed that a ratio for any given NaCl concentration was the 

lowest for the top stem region with maximum impact being observed in the bottom stem 

region (Fig. 7.2). Moreover, K+ concentration was maintained in the tip of the leaf serving 

an important role and providing growth of the plant (Marco et al. 2019; Abu-Al-Basal and 

Yasseen 2009). Accordingly, only the top leaf region kept Na+/K+ ratio at the constant level 

in the presence of NaCl (Table 5.5) regardless of external salt concentration. This correlates 

with the plant’s ability to grow/survive even at the highest (1000 mM) NaCl concentration 

tested. Furthermore, the Na+/ K+ ratio in inner tissues of bottom beads at the highest salinity 

treatments (800 and 1000 mM NaCl) that showed clear senescence symptoms was 1.0, 

indicative of a complete separation of the outer and inner tissues at the late developmental 

stage due to the fully suberized endodermis multilayer (ED).  

 Moreover, the presence of an additional photosynthetic layer – IP enables the plant 

to use assimilates in both defense-related processes and for maintenance of the expansion 

growth. In this regard, we suggest the dual-sources : dual-sinks model where the palisade 

tissue fuels the water storage cells to mediate Na+ and Cl- sequestration in the vacuoles   
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Figure 7.3: A model for different routes of bead aging of Sarcocornia quinqueflora under various salt levels shown as bead cross 

sections: Route 1 - zero NaCl; Route 2 - optimal NaCl concentrations (200 - 400 mM NaCl); Route 3 - severe NaCl concentrations 

(600, 800 and 1000 mM NaCl). Changes of the three routes are assessed during three developmental stages: Early stage (Panels B, E, 

H), Middle Stage (C, F, I), and Late stage (D, G, J). Salt crystals (SC) protrude at the late stage in optimum (2 route) and severe (3 

route) salt conditions only (see Panels G and J respectively). Orange to red colour refer to betalains, while green and yellow colour 

indicative for chlorophylls and carotenoids, respectively. Abbreviations: E - epidermis, Pa - palisade tissue, WS - water storage tissue, 

ED - endodermis-like layer, IP - internal photosynthetic layer, S – stele.
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while the internal photosynthetic layer (IP) operates as an energy provider for young beads 

and roots (Fig 5.9). 

 The development of ED may be also important to isolate the internal ROS-sensitive 

tissues from the over-produced ROS in the outer salt-accumulated tissues. As a matter of 

fact, succulent beads of plants grown under severe saline conditions (800 or 1000 mM NaCl 

for 18 weeks) showed that the development of the betalains (antioxidants; also responsible 

for development of red colour) occurred only in the outer tissues while being absent in the 

inner parts (Fig. 6.6). The latter criterion might be indicative of the specific tolerance 

strategy of bead tissues mediated by the presence of ED barrier by isolating the inner tissues 

from highly toxic ROS induced by large amounts of salt being stored in outer tissues. The 

former suggestion is supported by two main findings under our experimental conditions. 

The first one is the ion contents in the outer and inner tissues (Table 6.2). Both Na+ and K+ 

concentrations were maintained at the same levels in the outer tissues within the wide range 

of salinities tested (200 to 800 mM NaCl), while dramatic changes occurred in the inner 

tissues. The second supporting evidence comes from the different responses of the inner and 

the outer tissues to ROS stress. ROS-induced net K+ and Ca2+ fluxes were measured from 

various bead tissues located in outer (palisade tissue, Pa; and water storage tissue, WS) and 

inner leafy stem parts (internal photosynthetic layer, IP; and stele parenchyma, SP) in 

addition to the in-between barrier (ED).  

7.4 ROS-activated ion channels mediating ion homeostasis in Sarcocornia 

quinqueflora bead tissues  

 Recent findings indicate the involvement of ion channels in redox-dependent 

processes as well as sensing ROS (Demidchik 2018; Bogeski and Niemeyer 2014). ROS 

induced K+ effluxes that were highly tissue-specific, with inner tissues of the plant beads 

being more sensitive to ROS applied compared to the plant outer parts. We report 20-30-

fold higher K+ efflux recorded from the inner bead tissues (internal photosynthetic layer (IP) 

and stele parenchyma (SP)) compared to the outer tissues (palisade tissue (Pa) and water 

storage tissue (WS)) (Fig. 6.4 C, D). The ROS-activated K+ loss from leaf mesophyll is 

mediated by two types of cation channels: (1) K+ -selective outwardly rectifying GORK 

channels and (2) non-selective (K+-permeable) NSCC channels (Demidchik 2018; Shabala 

and Pottosin 2014). The tissues’ ability to retain cellular K+ can be ranked in the following 

order: WS > Pa > IP > SP (Fig. 6.4 A, C). This pattern may be potentially explained by the 
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higher population of OH•-inducible K+-permeable efflux channels in inner tissues as 

suggested elsewhere (Shabala et al. 2016; Wang et al. 2018). This also may suggest that the 

presence of endodermis-like barrier (ED) is important to achieve the proper ROS-induced 

ion homeostasis for senescent and non-senescent tissues, supporting the need of maintaining 

growth by non-senescent tissues in this perennial. In addition, K+ efflux from metabolically 

active cells (Pa and IP in our plant) may be a part of the mechanism inhibiting energy-

consuming anabolic reactions and saving energy for adaptation and reparation needs (Wang 

et al. 2018; Shabala 2017). Our findings are in accordance with Zeng et al. (2018) who 

compared the electrical properties of mesophyll and storage parenchyma leaf tissues of the 

succulent halophyte Carpobrotus rosii and showed that the storage parenchyma cells 

possessed both higher Na+ sequestration and better K+ retention ability. Furthermore, the 

tissue location in either senescent or non-senescent bead part also does matter and has a 

great influence on the response of the same cells type i.e., parenchymatic (WS or SP) or 

chlorenchymatic (Pa or IP). 

 The magnitude of ion flux response to OH• was higher compared to response to 

H2O2 (Fig. 6.4 A, B, respectively). Similar to results of Wang et al. (2018) on cereal roots, 

K+ efflux of S. quinqueflora reported here was 5- to 11-fold larger in response to OH• 

compared to H2O2 (Fig. 6.4 A, B). In a contrast to the reported data, the response curves 

were very different in the two types of ROS tested with the quick decrease of K+ efflux from 

the peak value to a near initial flux within 20 min post stress application (Fig. 6.4 A) while 

application of H2O2 led to a prolonged K+ efflux that remained at the peak value for 20 min 

post the stress application (Fig. 6.4 B). This might be linked to so-called “signature 

response” suggested recently by Shabala (2017).  

 The hydroxyl radicals (OH•) always led to net Ca2+ influx recorded for all bead 

tissues (Fig. 6.5 A, C), while treatment with H2O2 induced the opposite net Ca2+ flux 

responses (Fig. 6.5 B, D): the Ca2+ influx was recorded only from the photosynthetically 

active tissues (Pa and IP), while the parenchyma tissues (WS and SP) had transient Ca2+ 

efflux. A broad range of Ca2+ conductances can mediate calcium influx into plant cells while 

extrusion of Ca2+ from the cytosol is mediated by Ca2+-ATPases and Ca2+/H+ exchangers 

(Demidchik et al. 2002). The present results indicate high tissue-specific ability of S. 

quinqueflora to maintain their ion homeostasis upon exposure to ROS; a feature that is 

mainly determined by the developed suberized barrier (ED). 
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Figure 7.4: A model showing the flow of water and solutes through different tissues of Sarcocornia quinqueflora succulent stem beads. 

Endodermis-like layer (ED) force symplastic movement and determine Na+/K+ of outer and inner tissues, also prevent apoplastic back leak of ions 

to inner part. Abbreviations: CV – cortical vascular element, XV – xylem vessel, SP – stele parenchyma, IP – internal photosynthetic layer, ED – 

endodermis-like layer, WS – water storage parenchyma, Pa – palisade tissue, E – epidermis.
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7.5 Conclusions and prospects 

 The salt tolerance strategy of perennial Sarcocornia quinqueflora halophyte relies 

on a set of morphological, anatomical, and physiological traits, enabling the ability to extend 

growth for many successive seasons. The pattern of being divided into joint-like segments 

represent an important morphological trait of the succulent shoots. The latter feature has a 

beneficial role in achieving the most optimal ion distribution (for better growth function) of 

the succulent stems, a function that is mediated, anatomically, by the presence of 

endodermis-like layer (ED). Moreover, the development of ED operates in concert with an 

additional internal photosynthetic layer to fine-tune the mechanism of senescence and salt 

shedding of a succulent bead. To the best of our knowledge, none of the previous works 

provided a causal link between salinity-stress tolerance and ROS activation of ion 

transporters mediating ionic homeostasis in S. quinqueflora succulent tissues. This gap in 

our knowledge was filled by the current study. The future work should be focused on:  

• Comparing salt-stress candidate genes of senescent and non-senescent succulent 

stem tissues. 

• Evaluating specific redox systems (ROS production and scavenging) of 

senescent and non-senescent succulent stem tissues and the related gene 

expression.  

• Investigating the pattern of ROS accumulation under non-saline condition as 

well as severe salinity and their relation to osmotic stress. 

• Following the specific cellular pattern of suberin deposition in the endodermis-

like layer (ED) in succulent beads of different developmental stages.  

• Exploring the role of the cortical vascular bundle (CVB) in plant acclimation to 

salinity stress.  

• Studying the role of H+-ATPase in K+ retention ability recorded in this study of 

outer (senescent) succulent stem tissues, especially, the water storage (WS) 

tissue.  

 The role of the suberized biological barriers was investigated comprehensively in 

case of plant's roots (Geldner 2013; Alassimone et al. 2012; Cui et al. 2007; Enstone et al. 

2002; Lee et al. 2013; Meyer and Peterson 2013; Roppolo et al. 2011; Ubeda-Tomás et al. 

2009; Ubeda-Tomás et al. 2008; Waduwara et al. 2008; Cohen et al. 2020; Soukup et al. 

2019; Bloch et al. 2019; Bao and Gong 2019), while less attention was payed for their 



   Chapter 7 

  
HASSAN AHMED 240 

  
 

potential functions in stems or even leaves (under normal or stress conditions), where they 

also might occurs (Seago Jr 2020; Lersten 1997). This work emphasized the importance of, 

and a requirement to engage, specific anatomical features in studying salinity tolerance 

mechanisms of halophytes, in addition to the traditional whole-plant phenotyping.   

 Global agriculture is dominated by production of a small number of annual crops 

(Smaje 2015). To ensure food and ecosystem security, the interest in breeding new grain 

crops of perennial lifecycle has become widely acknowledged in the past few years (Batello 

et al. 2014; Glover et al. 2010b; Glover et al. 2010a). Many comprehensive reviews have 

investigated the importance, potentials, challenges and prospects of developing perennial 

crops (Wayman et al. 2019; Kantar et al. 2016; Cox et al. 2006; Glover et al. 2010b; Batello 

et al. 2014; Glover and Reganold 2010; Wade 2013; Zhang et al. 2011; Smaje 2015; Crews 

and Cattani 2018; Pimentel et al. 2012; Crews et al. 2018; Wagoner and Schaeffer 1990; 

Toensmeier 2017; DeHaan and Ismail 2017; Cocks 2001; Cox et al. 2010; Cox et al. 2002; 

Bell et al. 2010; Larkin et al. 2014; Isgren et al. 2020; Glover et al. 2012; Ryan et al. 2018). 

Several annual crops have their perennial relatives (Table 1.1) (Cox et al. 2006), opening a 

previously unexplored possibility of incorporating some of the tolerance traits that were lost 

during domestication back into elite varieties. In this regard, this study has introduced the 

biological barriers (suberized tissues) as an important player that confer the ability of 

perennial halophytes to survive many successive seasons under high soil salinity 

comparable to the salt-tolerant annuals. Therefore, we believe that the future work should 

be focused on comparing tissue-specificity of long-term salinity tolerance mechanisms in 

other perennial succulent and non-succulent halophytes, with the main focus on the 

biological barrier's morphogenesis, development and potential physiological role(s).  
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