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Abstract: It has been demonstrated that halophytes had the potential to accumulate heavy 

metals and therefore had the remediation potential of soils affected by metals. In this context, 

Arthrocnemum indicum was supplied with increased doses of Aluminium (Al) (200, 500, 800 

µM) alone or added to NaCl (200 mM). Results demonstrated that Al was found mainly in  

the cell wall in the shoots and the roots. 

The addition of the salt displaced the localization of Al in the root sand, it was found bound 

to intercellular and proteic components. These results suggest that the subcellular 

distribution of Al plays an important role in avoidance of metal toxicity. 
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1. Introduction 

Wetland systems are known to have great 

economic value and ecological importance 

on a global scale, encompassing a wide 

range of ecosystem services (Woodward 

and Wui, 2001). Within wetlands, salt 

marshes are providers of varied and 

unique ecological and economic services 

on a global scale, ranging from wildlife 

conservation and coastal defense to water 

purification (Woodward and Wui, 2001). 

Usually located in transitional marine 

systems, the marsh ecosystem is generally 

occupied by flora adapted to stressful 

environments. Halophytes are the typical 

colonizers of salt marshes due to their high 

tolerance to several abiotic stresses, such 

as elevated temperature (Bita and Gernts, 

 
 

2013), high salinity (Metoui-Ben Mahmoud 

et al., 2024) and heavy metal pollution 

(Sarwar et al., 2017; Sghaier et al., 2022), 

presenting morphological and 

physiological adaptations that allow them 

to inhabit these unfavorable environments. 

Several studies have shown that 

halophytic plants are more adopted to cope 

with abiotic stresses, including heavy 

metals (HM) (Sarwar et al., 2017; Sghaier 

et al., 2022). In this context, several 

researchers have compared the tolerance 

to heavy metals (HM) and their 

accumulation between certain halophytes 

and the known hyperaccumulative plants 

generally used in the remediation of soils 

contaminated by metals (Zaier et al., 2010; 
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Amari et al., 2014; Sghaier, 2023). All 

these experiments have demonstrated the 

superiority of halophytes to tolerate and 

accumulate these pollutants. 

Arthrocnemum indicum (Willd.) Moq., 

belongs to the Amaranthaceae family, it is 

a shrub species that grows optimally in 

saline and harsh conditions (Nisar et al. 

2021). Plants can regulate their 

metabolism in response to HM and protect 

themselves to some extent against their 

toxicity. Understanding plant-metal 

interactions can help reduce the risks 

associated with the introduction of heavy 

metals into the food chain and solve safety 

problems in the environment (Fourati et al., 

2016). 

 
As consequence, studies have been 

conducted to improve knowledge on the 

tolerance mechanism of plants confronted 

with a high accumulation of trace metals 

without major metabolic alterations 

(Revathi and Subhashree, 2013). Plants 

have developed very complex systems to 

control the absorption, accumulation and 

detoxification of heavy metals (Leitenmaier 

and Küpper, 2013). 

 
Commonly, these mechanisms varied from 

exclusion, inclusion and accumulation 

(Mnasri et al., 2015). Various mechanisms 

that govern metal tolerance in plant cells 

(Mnasri et al., 2015, Fourati et al., 2016) 

are the selective exclusion of the metal 

during absorption, the excretion of the 

metal, the retention of the metal in the 

roots, the specific tolerance of the 

enzymatic systems, the immobilization by 

means of the cell wall and extracellular 

carbohydrates, the complexation by 

binding of low molecular weight peptides 

phytochelatins (PCs) or by ligands such as 

organic acids and amino acids, and finally 

by compartmentalization (Carrier et al., 

2003). Hence, heavy metals can be 

stored/accumulated either in the cell walls, 

cytoplasm, or in cellular vacuoles (Carrier 

et al., 2003; Fourati et al., 2016; Sghaier et 

al., 2020). Tolerance can also be achieved 

in some plants that hyperaccumulate 

metals by transporting metals from the 

roots to the shoots, conserving a low 

concentration of metals in the roots 

(Kramer et al., 1997). Understanding how 

plants are able to specifically accumulate 

HM is fundamental to select the species 

that could be used for Phytomanagement 

(Montargés-Pelletier et al., 2008). 

However, the mechanisms that manage 

this character remain ambiguous. The 

objective of this work was to study 

compartmentalization and subcellular 

localization of Aluminium (Al) in halophytes 

plants to design sustainable strategies for 

the management and safety of the 

environment or ecosystems. 

 

2. Materials and Methods 

 
2.1. Plant Sampling 

Young plants were obtained by cutting 

propagation taken from mother plants and 

placed for rooting in plastic pots (for more 

details see Sghaier et al., 2015) (Figure 1). 

During rooting, the cuttings were irrigated 

with non-saline tap water then by nutrient 

solution (Hewitt, 1953) enriched with iron 

and micronutrients. After this acclimation 

period (15 days), plants were divided into 

eight groups of three plants that were 

supplied for 3 months with aluminum 

chloride (AlCl3) and supplemented or not 

with NaCl (200 mM). 

 
Control plants were regularly irrigated with 

the same nutritive solution and the 

remaining groups were subjected to Hewitt 

solution added with, (a) Al 200 µM; (b) Al 

500 µM; c) Al 800 µM; (d) Al 200 µM + NaCl 

200 mM; (e) Al 500 µM + NaCl 200 mM; (f) 

Al 800 µM + NaCl 200 mM. After 4 months 

of the start of the experiments, plants were 

harvested and divided into shoots and 

roots and rinsed three times in cold distilled 

water and blotted with filter paper (for more 

details see Sghaier et al., 2016). 
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Figure 1. Arhrocnemum indicum 3 months old 

grown in pots 

 
2.2. Metals Extraction Procedure 

 

A sequential extraction was carried out in 

order to evaluate the metal content in the 

cellular components of A. indicum (Farago 

and Pitt, 1977). Different parts of plant 

materials dried in the oven 70°C for 7 days) 

(leaves and roots; 1 g dry weight; n = 3) 

were treated individually. The first 

extraction agent used was 80% ethanol 

(a.p., Merck, 10 ml) for 24 h (for more 

details see sghaier et al. 2016). In the 

following step, the residue was placed in a 

solution of pronase E (from Streptomyces 

griseus, Merck) added to 0.03 g of 

chloramphenicol (P98%, TLC). Later, the 

same residue was added to 10 ml of a 

pectinase solution (1% P5146, Sigma; pH 

4, temperature 25◦C.) and stirred for 24 h. 

The fourth extraction step consisted in 

adding 10 ml of NaOH solution (0.5 M) (a.p. 

P98%, Sigma) to the residue, and after 

that, a continuous final stirring with 100 ml 

of 5% hydrochloride (prepared from 37% 

hydrochloride per year, Merck) was carried 

out for 12 h at 25°C. The final stage 

consists of an acidic digestion of the 

vegetable residue (the digestion was 

treated in Teflon bombs) with HNO3/HClO4 

(7.1, v,v) (HNO3 65% by weight, Merck; 

HClO4 70% by weight ACS-ISO, Panreac) 

then dried in an oven at 110°C for 3 h. After 

cooling, all the extracts / fractions 

(ethanolic, aqueous, protein, pectic, 

polysaccharides, lignins and cellulosics) 

were filtered and diluted with 10 ml of a 

0.01 M HNO3 solution. 

 
By this method, the different types of 

proteins cannot be determined, which 

implies that its exact location in the cell will 

not be defined. The metals bound to the 

cell wall have thus been designated by 

their constituents, which are pectic, 

polysaccharide, lignin and cellulose 

fractions. The metals linked to certain 

amino acids, chlorophyll, the compounds 

of low weight (all extracted with ethanol) 

and those extracted in the aqueous fraction 

are considered as soluble metal fractions 

(Farago and Pitt, 1977). The total elements 

present in each extracted fraction were 

determined by inductively coupled plasma 

atomic emission spectroscopy [ICP-AES; 

Horiba Jobin-Yvon, Horiba Jobin-Yvon, 

France, Ultima model]. 

 

2.3. Statistical Analysis 

 
The Al contents in different subcellular 

fractions (cell wall, protein and soluble 

fractions) of the roots and leaves of A. 

indicum were expressed in micrograms of 

metal per gram of plant matter on a dry 

weight (µg/g). The experiments were 

repeated in triplicate for statistical analysis. 

A unidirectional analysis of the variance 

(ANOVA) or when the assumptions of the 

parametric tests were not satisfactory, the 

Kruskal-Wallis test was used to compare 

the average accumulation of Al in the 

different fractions. Depending on the type 

of test (parametric or non-parametric), a 

Bonferroni test or multiple pairwise 

comparisons were performed when 

significant differences were found (α = 0.05 

significance level). The analysis was 

performed with SPSS v. 22.0 for Windows. 

3. Results 

Aluminum was predominantly bound to 

Cellulose and Polysaccharide fractions in 

the leaves (Figure 2), ranging from 25.47 

% to 34.10 % and from 24.39 % to 32.27 
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%, respectively followed by the lignin 

fraction with low concentration than former 

ranging from 21.34 % to 32.27 %. 
 

 
 

Figure 2. Al concentrations in the leaves (average 
%; n = 3) in different fractions, Regarding the 

fractions, from bottom to top (ethanolic, aqueous, 
proteic, pectic, polysaccharidic, ligninic, and 

cellulosic). 

 
In the roots, Al was mainly bound to 

cellulose and lignin (Figure 3), with 

concentrations ranging from 29.89 % to 

39.7 % and from 20.24 % to 26.71 %, 

respectively. 
 

 

Figure 3. Al concentrations in the roots (average 
%; n = 3) in different fractions, Regarding the 

fractions, from bottom to top (ethanolic, aqueous, 
proteic, pectic, polysaccharidic, ligninic, and 

cellulosic). 

 
Deeper, the three fractions in which metal 

compartmentalization can be grouped in 

this work (cell wall, proteic and 

intracellular/soluble fractions, Figures 4, 5), 

84.79 ± 5.01% of Al in the leaves was 

accumulated in the cell wall and with very 

low values in the soluble fraction (with 

absence of ethanolic fraction) (3.66 ± 

1.2%) and in the proteic fraction (5.73 ± 

0.92%) (Figure 4). 

 

 
 

Figure 4. Al concentration in the leaves (average 
%; n = 3) located intracellularly (ethanolic + 

aqueous fraction), on the proteic fraction, and the 
cell wall (pectic + polysaccharidic + ligninic + 

cellulosic fractions). 

 
The same predominance of Al in the cell 

wall components (78.3 ± 0.4%) was 

observed in the roots, with a residual 

presence of Al bound to proteins (17.5 ± 

3.2%), and 5.2 ± 0.9% bound to soluble 

components (Figures 5). 
 

Figure 5. Al concentration in the roots (average %; 
n = 3) located intracellularly (ethanolic + aqueous 
fraction), on the proteic fraction, and the cell wall 
(pectic + polysaccharidic + ligninic + cellulosic 

fractions). 

 
In the absence of salt, total accumulated Al 

in the leaves (Figure 2, 4) showed 

significant difference, the intracellular / 

soluble fraction presented significant 

differences (F = 39.462, p < 0.001), 

showing an augmentation at 500 and 800 

µM Al. On the other hand, Al bound to 

proteins increased with increasing 

treatment doses (F = 366.373, p < 0.001). 

The pectic fraction show fluctuation with 

the lowest Al accumulation was revealed at 

the highest concentration of Al. 
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Similar to what was observed in the leaves, 

total Al concentration in the roots (Figures 

3, 5) presented significant differences 

across treatments (F = 5.656, p = 0.046), 

with the highest accumulation being 

verified when 200 and 500 µM Al were 

supplied in the nutritive solution; a 

corresponding increase was observed in 

the Al bound to cell wall components (H = 

6.489, p = 0.039). 

 
With the addition of 200 µM of NaCl, the 

response of total Al accumulation in the 

leaves (Figures 2, 4) was different to that 

without salt, with significant differences 

between treatments precisely between the 

lowest and the highest doses (p > 0.05). 

On a closer inspection, some differences 

were found compared to the “salt-free” 

treatments, Al in ethanolic fraction was 

detected only in the combined treatment 

and the aqueous fraction presented 

elevated accumulation in the combined 

treatment. In addition, Al diminished in the 

pectic fraction and there was a 

displacement of the Al to lignin as a greater 

accumulation was revealed, with 

significant differences between the two 

acute concentrations, 200 µM and 800 µM 

(F = 14.286, p = 0.005). 

 
In the roots (Figure 3, 5), Al bound to the 

components of the cell wall diminished, in 

particular those in celluloses (F = 9.871, p 

= 0.013) and lignin (F = 26.429, p = 0.001); 

and Al was displaced to proteic and 

intercellular fraction. 

The pectic fraction showed a maximum 

accumulation from the 500 µM to the 800 

µM treatment, (F = 28.1812, p = 0.001). 

Intracellular/soluble Al was more easily 

accumulated in the roots at higher 

concentrations in the presence of salt, (F = 

13.915, p = 0.006). In the absence of salt, 

the increase in total Al corresponded to an 

increase in the cell wall components (F = 

8.215, p = 0.019), specifically in the 

cellulose and lignin fractions (F = 6.906, p 

= 0.028). With salt added to the treatments, 

there was also a significant decrease in the 

accumulation of Al in cell wall components 

(F = 14.377, p = 0.005), despite the 

increase in Al bound to polysaccharides 

and in the pectic fraction (F = 89.366, p = 

0.00003). Increasing Al concentration with 

NaCl has also favored significant changes 

in the soluble fractions (F = 13.915, p = 

0.006), with the 800 µM treatment resulting 

in greater Al accumulation in the aqueous 

fraction (F = 8.370, p = 0.018). 

 

4. Discussion 

The exposure of plants to heavy metals 

induced an alteration of cellular 

mechanisms (Choppala et al., 2014) and 

gene expression (Chaffai and Koyama, 

2011; Sarwar et al., 2017). 

The mechanisms used to mitigate metal 

toxicity involved chelation by  ligands 

and/or sequestration in the vacuole or cell 

wall. Subcellular compartmentalization of 

metals has been considered as a potential 

key element in the removal of trace 

elements of metals from active metabolic 

sites, limiting them to a limited area to 

reduce their toxicity (Fourati et al., 2016). 

In this study, A. indicum accumulated Al in 

the leaves preferentially  in the 

polysaccharide and the cellulose fractions 

of the cell wall (more than 84%); a small 

amount was accumulated in the protein 

fraction and also in the intracellular central 

part of the cells. In the roots, the metal ion 

was distributed to the cellulose and lignin 

fraction. 

 
It has been shown that a large proportion 

of Al has been linked to the components of 

the cell wall of the leaves and roots which 

seem to function as the first barrier 

protecting the plant from toxicity (Sghaier 

et al., 2016). It is possible that Al forms a 

strong bond with cell wall components 

such as cellulose, polysaccharides, pectin 

and lignin (Sghaier et al., 2016). In fact, the 

cell wall provides a large number of metal 

binding sites (Sghaier et al., 2020). The cell 

wall is rich in pectic and histidyl groups and 

plays a key role in the immobilization of 
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metal ions. In the same context, Tamarix 

gallica an Al accumulator showed a similar 

subcellular localization of the metal 

(Sghaier et al., 2016). 

 
In addition, it has been demonstrated that 

the cell wall represents a central storage 

site for other metals such as Cd and Zn 

(Carrier et al., 2003; Reboredo, 2012). 

Reboredo (2012) supported the idea that 

the preferred binding sites were the 

carbohydrates of the cell walls (cellulose, 

hemicelluloses and pectins) and that this is 

the first barrier to block cell penetration. 

In the leaves of T. gallica, As and Al were 

found mainly in the cell wall component 

(Sghaier et al., 2016). In addition, in the 

leaves of Lactuca sativa, 64% of the total 

Cd was bound to the cell walls (Ramos et 

al., 2002) and a similar proportion of Cd 

associated with the cell wall fraction has 

been reported in Lupinus albus (Zornoza et 

al., 2002). In Halimione portulacoides, 

more than 50% of the metals have been 

accumulated by the polymers of the cell 

wall (Reboredo 2012). 

 
Overall, the compartmentalization of the Al 

showed a greater coherence between the 

roots and the leaves, most of the metals 

being bound to the cell wall (>85%) with 

absence or presence of NaCl. It has been 

reported that the decrease in the 

concentration of metals in the cytoplasm 

could be related to the accumulation of 

metals in the cell walls acting as a barrier 

against the harmful effects of metals 

(Mnasri et al., 2015). Aluminum forms such 

strong bonds with the cell wall that its 

quantity will generally remain unchanged 

with the addition of other metal cations 

(Krzesłowska, 2011). 

The compartmentalization of Al in the cell 

walls is a very important mechanism 

responsible for the detoxification of Al, as 

has been observed in the main Al 

hyperaccumulator, Camellia sinensis (Gao 

et al., 2014), in the Chara corallina region 

(Tolra et al., 2011) and in cultured tobacco 

cells, where the absorption and distribution 

of Al showed that most of the Al (>90%) 

accumulated in the cell wall (Chang et al., 

1999).The main percentage of metals was 

bound to the cell wall more than 

intracellular component may be of crucial 

importance as a detoxification mechanism 

in the leaves and roots of A. indicum. 

 
More deeply, the compartmental model 

seems to be closely linked to the species 

studied and the metals in question. In 

Sesuvium portulacastrum, known as Ni- 

tolerant plants, an increase in Ni doses was 

accompanied by an increase in the 

percentage of Ni fixed to the cell wall while 

in Cakile maritima, a Ni-sensitive plant, the 

soluble fraction contained approximately 

more than 60% of the total Ni of the shoots 

for all the concentrations applied (Fourati 

et al., 2016). 

 
In addition to the cell wall, the vacuole 

seemed to be another preferential site for 

Al. Similarly, Ni, Cd and As were found to 

bind to the soluble fraction (Psaras et al., 

2000). Several studies have revealed that 

the metal can be located in the intracellular 

soluble/fraction, the central part of the cells 

which most of this area is occupied by the 

vacuole (Lombi et al., 2002). Heavy metals 

such as Ni, Cd and Zn are generally stored 

in the vacuoles of epidermal cells (Psaras 

et al., 2000; Küpper et al., 2002). The 

partitioning of Al resulted differently from 

the leaves and roots, but the importance of 

this location showed a slight decrease in 

the presence of salt. The 

compartmentalization of the Al in the roots 

was more uniformly distributed the protein 

and soluble fractions together containing 

15 to 35% of the total Al (without ad with 

salt, respectively) (Figure 3 and 5). The 

fraction containing organelles contained 

less metals than that attached to the cell 

wall (Fourati et al., 2016; Sghaier et al., 

2020). The inactivation of toxic metal ions 

by the synthesis of PCs followed by the 

formation of metal–phytochelatin 

complexes, is a general homeostasis 

mechanism in plants (Krzesłowska, 2011). 
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Depending on the acidic conditions that 

confer the stability of these complexes, the 

Al-phytochelatin complexes could be 

stored in vacuoles (Meharg and Hartley- 

Whitaker, 2002). PCs are synthesized from 

glutathione by PC-synthases and play a 

role in the distribution and accumulation of 

Al and certain other highly toxic metals 

such as Ag, Hg and Cd (Cobbett, 2000) 

thus eliminating these toxic elements from 

the cytosol (Verbruggen et al., 2009). GSH 

can also detoxify toxic metals by forming 

glutathione complexes (GSH)-HM and 

sequestering in vacuoles, which could be 

excluded from the apoplast (Krämer, 

2010). Metallothioneins are other low 

molecular weight chelating protein 

molecules enriched with cysteine, 

responsible for the formation of complexes 

with toxic metals (MT–HM complexes) 

(Anjum et al., 2015). 

 
The protein fraction has also been shown 

to be of great importance in the 

compartmentalization of Al in the roots. 

Transport and storage in the vacuole 

require increasing levels of sulfur-rich 

peptides, including PCs and organic acids 

(Sanita di Toppi and Gabbrielli, 1999). 

 
In the present work, the Al accumulate in 

the pectic fraction of the leaves in small 

quantity (less than10%), regardless of the 

treatment applied, and its accumulation in 

the roots was of minor expression (<8% of 

the total Al, on average). Instead, cellulose 

and lignin were the preferred binding sites 

in the leaves, cellulose and polysaccharide 

fractions were the preferred binding 

locations in the roots. The binding of Al to 

the pectin of the cell wall may not always 

be an essential tolerance mechanism 

(Krzesłowska, 2011). At high external 

concentrations, the protein fraction 

acquired importance in the leaves, 

especially in the absence of salt. With the 

presence of NaCl in the nutrient solution, 

the Al bound to the protein fraction was 

detected only at the highest tested 

treatment. A similar behavior was 

observed in Sesuvium portulacastrum, at 

low dose, the insoluble fraction of the 

shoots presented only 29% while the 

soluble fraction sequestered 55% of the 

total cell Ni. 

 
Similarly, at a high concentration of Na+ in 

the medium, the cation retention capacity 

of the cell wall could be saturated by Na+ 

ion then Cd2+ would be less fixed by this 

cell compartment (Ayachi, et al., 2023). 

The increase in the external concentration 

of Ni was accompanied by significant 

changes in the model of cellular 

accumulation of Ni in the shoots, resulting 

in an increase in the percentage of Ni cell 

wall fraction reaching 37% and a reduction 

in that of the soluble fraction from 55% to 

47%. In A. indicum, at higher 

concentrations, the roots showed a shift 

from Al to lignin. The increase in the 

lignification of the cell wall and the 

subsequent metal deposits is another 

mechanism that has been described to 

protect plant cells from the toxic effects of 

high concentrations (Probst et al., 2009). 

 

5. Conclusion 

 
Compartmentalization is a key aspect of 

the elimination of trace metal elements 

outside key metabolic sites, contributing to 

the survival of plants in saline depressions 

contaminated with heavy metals. This 

study gives an overview of the different 

distributions and localizations of Al within 

A. indicum. The cell wall is considered as 

the first barrier that opposes the entry of 

toxic metals into the cell and can thus 

protect the cytoplasm by preventing this 

passage of the binding of metal ions. A 

better understanding of the sequestration 

of metals in plants could possibly 

contribute to the development of 

biorecovery techniques for the remediation 

of soils contaminated with heavy metals. 
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