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RESUMO 

 

As zonas costeiras, e em particular as regiões estuarinas, são áreas altamente povoadas, 

estando assim expostas a uma grande diversidade de focos de poluição, com 

consequências sérias para a flora e para a fauna que nelas encontra abrigo e alimento. A 

pressão antropogénica exercida sobre estas regiões conduz à sua contaminação por 

poluentes orgânicos e inorgânicos. Vários poluentes, como por exemplo os metais 

pesados apresentam uma elevada toxicidade que associada a uma elevada persistência 

nos sistemas, constituem sérios riscos para os  ecossistemas. 

Nas margens dos estuários, em locais de baixo hidrodinamismo desenvolvem-se os 

sapais, formados por vegetação de pequeno porte, e sujeitos a inundações periódicas em 

consequência do regime das marés. Os sapais são ecossistemas dinâmicos, que resultam 

da influência conjunta da água, dos sedimentos e da vegetação. Visto localizarem-se nas 

margens de estuários, apresentam um caracter de transição entre comunidades terrestres 

e marinhas.  

As plantas vasculares são os organismos mais evidentes nos sapais, estando estas 

continuamente expostas a poluentes, provenientes dos esgotos urbanos, da agricultura e 

da actividade industrial.O Cu, é um elemento essencial para vários processos celulares 

em plantas, mas que em concentrações elevadas tem um efeito fitotóxico. Em 

concentrações elevadas, gera espécies reactivas de oxigénio nas células vegetais, 

podendo catalizar a produção de radicais livres e causar danos ao nível dos ácidos 

nucleicos, bem como um aumento da peroxidação de lipidos, oxidação das proteínas e 

redução da actividade fotossintética. Isto é, o stress oxidativo induzido pela exposição a 

concentrações elevadas de Cu pode provocar vaários danos a nível celular e fisiológico .  

Neste trabalho, plantas de Halimione portulacoides uma espécie abundante nos sapais 

do estuário do Tejo, foram sujeitas a várias concentrações de Cu, semelhantes às que se 

encontram disponíveis, nos sedimentos que colonizam. Após a exposição 

determinaram-se parâmetros como o crescimento, conteúdo proteíco, níveis de 

peroxidação de lípidos, eficiência fotossintética e conteúdo em clorofilas, de modo a 

avaliar do ponto de vista  fisiológico os danos provocados.  
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Os resultados obtidos mostraram que a exposição ao Cu leva a alterações no 

crescimento e na fotossíntese, e apontam para a existência de mecanismos de defesa.  

A concentração de Cu aplicada influência a distribuição do metal nos diferentes 

ligandos orgânicos. Assim em plantas expostas a concentrações mais elevadas de Cu, os 

resultados apontam para a existência de  um processo de exclusão, relacionado com a 

acumulação do metal na mucilagem da raíz.  

Considerando outros mecanismos de defesa, os resultados mostraram que a actividade 

enzimática antioxidativa das plantas de H. portulacoides sofreu um aumento 

considerável, em resposta à exposição ao Cu.   

Os resultados obtidos mostraram ainda que, a actividade fotossintética s não é  um bom 

bio-indicador., possivelmente devido aos efeitos atenuadores dos mecanismos de defesa 

encontrados  

O conhecimento das respostas a nível fisiológico da planta à exposição a metais 

pesados, poderão funcionar como bio-indicadores, fundamentais no diagnóstico do 

estado ecológico dos sistemas estuarinos. O conhecimento da existência de mecanismos 

de defesa, pode levar a uma melhor percepção da capacidade que as plantas de H. 

portulacoides possuem de sobrevivência em locais contaminados por metais.  

 

Palavras-chave: Concentrações baixas de Cu; Enzimas antioxidants; Fotossíntese; 

Mecanismos de defesa   
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ABSTRACT 

 

Salt marsh plants are continuously exposed to pollutants, for instance brought by the 

tides and that, consequently, accumulate in the sediments and in plant tissues. Some of 

these pollutants interfere with plant metabolism, and heavy metals are one of the most 

common ones.  

In this work, Halimione portulacoides plants were submitted to different Cu treatments, 

in similar concentrations to those available in estuaries near urbanized areas. Parameters 

like growth, protein content, lipid peroxidation levels, photosynthetic efficiency and 

chlorophyll content were measured, in order to determine how they were 

physiologically affected by Cu enrichment. 

The results of this work showed that Cu exposure provokes an altered state on growth 

and photosynthesis. However, H. portulacoides plants apparently show defense 

mechanisms. Metal accumulation was reported to occur in different organic ligands, 

depending on the concentration tested. In higher Cu concentrations a possible exclusion 

process was reported, apparently related with Cu accumulation in root mucilage.  

Regarding other defense mechanisms, antioxidative enzymatic activities of several 

enzymes showed to be greatly enhanced with Cu exposure.  

The knowledge of the physiological consequences of heavy metal exposure, as well as 

the presence of possible defense mechanisms, may give an insight on the H. 

portulacoides capacity to survive in Cu contaminated settings. It also corroborates the 

knowledge that H. portulacoides may accumulate considerable amounts of Cu, reducing 

its quantities in the water column circulation.  

 

Keywords: Antioxidant enzymes; Defense Mechanisms; Low Cu concentrations; 

Photosynthesis
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Chapter 1  
                                                                                                General Introduction 

 
 

GENERAL INTRODUCTION 
 
 
1.1 Heavy metal contamination 

Several pollutants interfere with plant metabolism and heavy metals are one of the most 

common ones. Characteristically with a long live span, these pollutants are often 

reported at high concentrations in several regions of the world (Mallick & Mohn, 2003). 

Although these contaminations are usually local, due to contaminated sewages and 

pollutant discharges from industrial and urban activities (Caçador et al., 1996, 2000; 

Lytle & Lytle, 2001), this environmental problem has to be considered a world-wide 

concern. 

Salt marshes are highly productive habitats, located in coastal areas, usually within 

estuarine systems (Preda & Cox, 2002). These ecosystems are greatly affected by 

pollution, whose main source is the estuarine water, as estuaries are often situated near 

highly urbanized and industrialized areas and, consequently subdued to sewage and 

urban effluents (Caçador et al., 1996, 2000; Al-Zaidan et al., 2003). Also, periodical 

tidal flooding of salt marshes provides great quantities of pollutants, particularly heavy 

metals. Contaminants become trapped by salt marsh vegetation and sediments and, thus, 

salt marshes can be considered as important sinks, especially for metal pollutants 

(Doyle & Otte, 1997; Weis & Weis, 2004). 

 

1.2. Copper effects on plant metabolism  

Copper is known for a long time to be an essential element for many cellular processes 

in plants (Kampfenkel et al., 1995; Salt et al., 1995), but it becomes phytotoxic at high 

concentrations (Fernandes & Henriques, 1991; Pádua et al., 1999). At toxic 

concentrations its ions act as efficient generators of reactive oxygen species (Girotti, 

1985; Kappus, 1985; Van Assche & Clijsters, 1990; Luna et al., 1994; Kampfenkel et 

al., 1995). Copper can catalyse the production of free radicals (Van Assche & Clijsters, 

1990) and cause oxidative damage such as lipid peroxidation, protein oxidation and 

nucleic acid damages (De Vos et al., 1993; Weckx et al. in Pech et al., 1993; Weckx & 

Clijsters, 1996) and also reduce photosynthetic activity (Küpper et al., 1998, 2002).  
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In summary, high concentrations of copper can disturb several cellular and 

physiological processes in plants by induction of oxidative stress. However, available 

concentrations on the environment are usually low and the effects are chronic and not 

acute. For example on Tagus estuary (Portugal), Cu concentration in pore water is 

approximately 7 µM (Reboreda & Caçador, 2007), while on other estuaries like 

Nerbioi-Ibaizabal estuary (Bay of Biscay, Basque Country), Mhlathuze estuary (South 

Africa) or Thames estuary (UK) it varies from 1 to 10 µM Cu (Power et al., 1999; 

Mzimela et al., 2002; Férnandez et al., in press).  

 

1.3. The Tagus estuary 

The Tagus estuary is located near a highly urbanized and industrialized area (Lisbon). 

As previous works refer, Tagus estuary is affected by discharges from industries and 

effluents from human activity sources, like sewers (Caçador et al., 1996, 2000). Tagus 

estuary salt marshes are colonized by halophyte species, such as Halimione 

portulacoides, which is known for its ability to sequester and tolerate heavy metals 

presence (Caçador et al., 2000; Reboreda & Caçador, 2007). Regarding the tolerance 

mechanisms of H. portulacoides, a study has been performed by Sousa et al. (2008), 

which gives an insight on the molecular and cellular processes that control the uptake 

and detoxification of metals and also the metal compartmentation and location within 

the cells of field plants, subjected to metal exposure.  

 

1.4. Objectives  

In order to show the capacity of H. portulacoides to cope with stress conditions, 

induced by realistic copper concentrations, plants grown in Hoagland solution were 

exposed to low concentrations of copper, similar to those available in salt marshes 

(Caçador et al., 2000; Reboreda & Caçador, 2007). Several biochemical, cellular and 

physiological parameters were measured.  

The knowledge of the physiological consequences of heavy metal exposure, as well as 

the presence of possible defense mechanisms, may give an insight on the Halimione 

portulacoides capacity to survive in Cu contaminated settings, as in the Tagus estuary.  
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Oxidative stress and antioxidative mechanisms in Halimione 
portulacoides (L.) Aellen after Cu exposure  

 

Abstract 

Saltmarsh plants are exposed to heavy metals, brought by the tides and that accumulates 

in the sediments. This work intended to understand the Halimione portulacoides (L.) 

Aellen defense mechanisms against the oxidative stress implied by Cu exposure. Plants 

were submitted to Cu application, in similar concentrations to those in estuaries near 

urbanized areas, and parameters like growth, protein content and lipid peroxidation 

levels were measured in order to determine how they were physiologically affected. 

Antioxidative enzymatic activity of CAT, APX and GPX was measured in order to 

determine if the Cu concentrations indeed provoked oxidative stress as it generates 

reactive oxygen species.  This study shows that these Cu concentrations affected plants 

health and growth and that the studied antioxidant enzymes activities were greatly 

enhanced. This may be a crucial detoxifying mechanism to the survival of H. 

portucaloides on its habitat and also to allow it to accumulate considerable amounts of 

Cu, reducing its quantities in the water column circulation. 

Keywords: Antioxidant enzymes; Growth; Lipid peroxidation; Low Cu concentrations   
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1. Introduction 

Copper is known for a long time to be an essential element for many cellular processes 

in plants (Kampfenkel et al., 1995; Salt et al., 1995) but at high concentrations it 

becomes phytotoxic (Fernandes & Henriques, 1991; Pádua et al. 1999). However, at 

toxic concentrations its ions act as efficient generators of reactive oxygen species 

(Girotti, 1985; Kappus, 1985; Van Assche & Clijsters, 1990; Luna et al.; 1994; 

Kampfenkel et al., 1995). It can catalyse the production of free radicals (Van Assche & 

Clijsters, 1990) and cause oxidative damage such as lipid peroxidation, protein 

oxidation and nucleic acid damages (De Vos et al., 1993; Weckx et al., 1993 in Pech et 

al., 1993; Weckx and Clijsters, 1996).  

It as been reported that copper mediates free radical formation in isolated chloroplasts 

(Sandmann & Böger, 1980), in intact roots (De Vos et al., 1993), in leaf segments 

(Luna et al., 1995) and in intact leafs (Weckx & Clijsters, 1996). On the other hand, it 

has been reported that Cu (II) ions increase the activities of antioxidant enzymes such as 

Cu, Zn-superoxide dismutase (Chongpraditnum et al., 1992) and  peroxidases 

(Karataglis et al., 1991). Copper is a redox-active metal as it is able to induce the 

production of reactive oxygen species (ROS) through a Fenton-like reaction (Halliwell 

& Gutteridge, 1988; Smeets et al., 2005).  

All aerobic organisms possess the means to protect themselves from the toxic effects of 

reduced oxygen species. Plants possess several protective mechanisms to cope with 

ROS (Foyer, 1993) that protect against oxidative damage (Asada, 1992). The copper-

induced stress may then be alleviated by enzymes scavenging reactive oxygen species 

such as catalase (CAT - H2O2:H2O2 oxidoreductase, EC 1.11.1.6) or peroxidases. CAT, 

APX (L-Ascorbate: H2O2 oxidoreductase, EC 1.11.1.11), GPX (Guaiacol: H2O2 

oxidoreductase, EC 1.11.1.7) and a variety of general peroxidases catalyse the 

breakdown of H2O2. Malondialdehyde (MDA) level is considered as an essential 

parameter in order to determine membrane damage. (Heath & Packer, 1968) The MDA 

or thiobarbituric acid-reactive-substances assay is used extensively to estimate 

peroxidation of lipids in membrane and biological systems (Heath & Packer, 1968; 

Pelle et al., 1990; DeLong & Steffen, 1997). Malondialdehyde is formed through  
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auto oxidation and enzymatic degradation of polyunsaturated fatty acids in cells 

(Hodges et al., 1999). 

In summary, high concentrations of copper can disturb several cellular and 

physiological processes in plants by induction of oxidative stress. However, available 

concentrations on the environment are usually low and the effects are chronic and not 

acute. In this study, Halimione portulacoides plants, grown in Hoagland solution, were 

exposed to low concentrations of copper, similar to those available in salt marshes 

(Power et al. 1999; Mzimela et al. 2003; Férnandez et al. 2007). The Tagus estuary is 

located near a highly urbanized and industrialized area (Lisbon). As previous works 

refer the estuary is affected by discharges from industries and effluents from human 

activity sources, like sewers (Caçador et al., 1996, 2000). Tagus estuary salt marshes are 

colonized by halophyte species, such as H. portulacoides, which is known for its ability 

to sequester and tolerate heavy metals presence (Caçador et al., 2000; Reboreda & 

Caçador, 2007). 

Several biochemical, cellular and physiological parameters were measured in order to 

show the capacity of this plant to cope with stress conditions induced by realistic copper 

concentrations.  
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2. Material and methods 

2.1. Plant collection and growth of H. portulacoides 

H. portulacoides samples were collected during the low tide at a saltmarsh of the Tagus 

estuary (Portugal). The plants were brought back to the laboratory and were washed 

with distilled water. In order to make grafts from the samples, the roots and a small part 

of the stem were cut, always leaving at least two nods in the stem below the lowest 

branch. The grafts were grown in one quarter strength diluted Hoagland nutrient 

solution with the following composition: 1.25 mM KNO3, 1 mM Ca(NO3)2, 0.5 mM 

NH4H2PO4, 0.25 mM MgSO4, 50 µM KCl, 25 µM H3BO3, 2 µM MnSO4, 2 µM ZnSO4, 

0.5 µM CuSO4, 0.5 µM (NH4)6 Mo7O24 and 20  µM FeNaEDTA. The plants were kept 

in a greenhouse for approximately two months in order to allow new root biomass 

growth (Carvalho et al., 2006). 

 

2.2. Cu exposure 

Before testing several Cu concentrations, H. portulacoides plants were taken off 

Hoagland growing solution, which was replaced with a new Hoagland solution deprived 

of Cu and FeNaEDTA. Plants were subjected to three different treatments, namely 1, 2, 

and 4 µM Cu, presented in CuSO4.5H2O (Sigma-Aldrich, p.a.) form. The acidity of the 

solution was kept constant and similar to the one of Hoagland solution. Samples were 

taken at the end of day 1, 3, 5 and 15. Also an extra sample was taken on the end of 12 

hours of treatment for enzymatic assays. All samples were used fresh, except the ones 

for enzymatic treatment which were kept at -80ºC (Lester et al., 2004).  

 

2.3. Estimation of lipid peroxides 

The level of lipid peroxidation products in samples was expressed as MDA, as it is the 

main product of the reaction (Buege & Aust, 1978). MDA in samples was assayed 

according to the modified method of Heath and Packer (Heath & Packer, 1968). Fresh 

tissue was ground in 0,5% TBA in 20% TCA (1g FW/10mL) with a mortar and pestle. 

After heating at 95ªC for 30 minutes, the mixture was quickly cooled in an ice-bath and 

centrifuged at 10000 x g for 10 min. the absorbance of the supernatant at 532 nm was 

read and corrected for unspecific turbidity by subtracting the value at 600 nm. 
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The blank was 0,5% TBA in 20% TCA. The concentration of MDA (red pigment of 

MDA-TBA complex) was calculated using an extinction coefficient of 155/mM per cm 

(Heath & Packer, 1968).  

 

2.4. Protein extraction 

All samples were prepared for soluble protein, CAT, APX and GPX analyses by 

homogenizing the frozen tissue material, with a mortar and pestle, in a solution (16 

mL/1g FW) containing 50 mM KH2PO4/K2HPO4 (pH 7.6) and 0.1 mM Na-EDTA. The 

homogenate was centrifuged at 14000 x g for 20 minutes, at 4 ºC. In the supernatant, 

enzyme activities were immediately determined.  

Protein was assayed according to the Bradford (1976) method, using bovine serum 

albumin as a standard, in a Shimadzu UV/VISIBLE Light spectrophotometer.  

 

2.5. Enzyme assays 

All spectrophotometric analyses were conducted in a total volume of 1mL at 25ºC in a 

UV/VISIBLE Light spectrophotometer.  

Catalase (H2O2:H2O2 oxidoreductase, EC 1.11.1.6) activity was determined by 

monitoring the disappearance of H2O2, which was carried out by measuring the decrease 

in absorbance at 240 nm (extinction coefficient of 39.4/mM per cm) of a reaction 

mixture containing 50 mM potassium phosphate buffer (pH 7.6), 0.1 mM EDTA, 100 

mM H2O2 and enzyme extract (Tiryakioglu et al., 2006). 

APX (L-Ascorbate: H2O2 oxidoreductase, EC 1.11.1.11) was determined from the 

decrease in absorbance at 290 nm (extinction coefficient of 2.8/mM per cm) as 

ascorbate was oxidized according to Nakano & Asada (1981). The reaction mixture 

contained 50 mM potassium phosphate buffer (pH 7.0), 0.25 mM ascorbate, 12 mM 

H2O2, 0.1 mM EDTA and enzyme extract. 

GPX (Guaiacol: H2O2 oxidoreductase, EC 1.11.1.7) was measured using a reaction 

mixture consisting of 50 mM potassium phosphate buffer (pH 7.0), 2 mM H2O2, 20 mM 

guaiacol and enzyme extract. The enzyme activity was measured by monitoring the 

increase in absorbance at 470 nm (extinction coefficient of 26.6/mM per cm) during  
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polymerization of guaiacol (Fielding & Hall, 1978).  

Each of the above assays was only used in a range in which the rate of reaction was 

proportional to the amount of extract added. The reactions were started either by adding 

the enzyme extracts or the substrates. The absorbance was rapidly recorded after 

starting the reaction and in periods of 10 seconds. Control assays were done in the 

absence of substrate. All enzyme activities were expressed per gram of fresh weight. 

One unit of enzyme was defined as the amount necessary to decompose 1 µmol of 

substrate/min at 25ºC. 

 

2.6. Statistical Analysis 

Statistical analysis was performed using Statistica Software version 7.0 from StatSoft, 

inc. 1984-2004.  Data was subjected to Cochran’s Q test for homogeneity of variances. 

Data were log x transformed, except for dry weight/fresh weight ratio data which was 

1/x transformed. Normality was also assured by Kolmogorov-Smirnov test. For post-

hoc comparisons, the Newman-Keuls test was used at α=0.05 significance level. 
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3. Results 

3.1 Effect of Cu on growth   

Plant exposure to 1 µM Cu significantly enhanced shoot’s dry weight/fresh weight ratio 

on day 1 and 3 (p<0.001). The other Cu treatments did not change this parameter (Fig. 

1A). Concerning root’s dry weight/fresh weight ratio, exposure to 2 µM and 4 µM 

enhanced it significantly at the end of day 15 (p<0.01) (Fig. 1B).  

 

 

 

 

 

 

 

 

Figure 1. Shoot (A) and Root (B) dry weight/fresh weight ratio of H. portulacoides 

plants, subjected to (   ) 0 µM Cu, (   ) 1 µM Cu, (   ) 2 µM Cu and (   ) 4 µM Cu.  
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Root/shoot ratio was significantly affected by copper treatment (p<0.0005) (Fig. 2). 

From day 3 to day 15, exposure to 2 µM Cu enhanced this ratio, almost doubling one of 

untreated plants. On the other hand, exposure to 1 and 4 µM Cu only affected 

significantly this parameter on the end of day 15, showing a similar effect to 2 µM Cu 

treatment. 

 

 

Figure 2. Root/shoot  ratio on H. portulacoides plants, subjected to (   ) 0 µM Cu, (   ) 1 

µM Cu, (   ) 2 µM Cu and (   ) 4 µM Cu.  

 

3.2 Effect of copper in lipid peroxidation 

Copper treatment increased lipid peroxidation (Fig. 3). MDA content in leaves suffered 

an increase at all times although it was not statistically different from the control.  

Plants treated with 1µM Cu showed maximum MDA content. On day 1 and day 3 the 

content was similar and the highest, having started to decrease until day 15. 

In plants treated with 2 µM or 4 µM Cu the maximum MDA content was achieved on 

day 3, followed by a decrease until day 15.  
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Figure 3. MDA content in H. portulacoides leaves, subjected to (   ) 0 µM Cu, (   ) 1 µM 

Cu, (   ) 2 µM Cu and (   ) 4 µM Cu.  

 

3.3 Effect on protein content 

Copper exposure significantly affected protein content on H. portulacoides (p<0.001) 

(Fig. 4). Plants treated with 2 µM Cu were the first ones to be affected, suffering a 

drastic decrease on protein content on day 3, returning gradually to control levels on the 

following days (Fig.4). Exposure to 1 µM Cu provoked a significant decrease on this 

parameter later in the treatment, only starting on day 5, and remaining until day 15. The 

highest copper exposure, 4 µM Cu, did not change severely this parameter, showing just 

a slight decrease through time. 

 

 

Figure 4. Protein content on H. portulacoides leaves, subjected to (   ) 0 µM Cu, (   ) 1 

µM Cu, (   ) 2 µM Cu and (   ) 4 µM Cu.  
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3.4 Effect of copper on enzymatic activities 

The copper treatment significantly enhanced CAT activity (p<0.0001). CAT activity 

increased at all times (Fig. 5A). On day 1, 2 µM Cu treated plants revealed CAT activity 

significantly different from the control. Plants treated with 2 µM Cu showed maximum 

CAT activity within all treatments, having started to decrease from day 3 to day 15. 

Plants treated with 4 µM Cu showed a constant activity until day 5, in which it started to 

decrease. Plants treated with 1 µM Cu showed a constant CAT activity at all times, just 

slightly higher than the control.    

Concerning APX, copper treatment significantly enhanced its activity (p<0.0001). APX 

activity increased at all sampled times, reaching its higher rates on day 15 (Fig. 5B). 

Except on day 5, 1 µM Cu treated plants showed similar activity to the control. Both 2 

µM and 4 µM Cu treatments showed similar results until the end of day 3. A sudden 

increase in APX activity happened on 2 µM Cu treated plants on day 5, lasting at day 

15. These high activities were only surpassed by 1 µM treated plants on day 15. In this 

day all the treatments provoked a significant increase of APX activity, at least doubling 

the rates observed in the control treatment.  

GPX activity in H. portulacoides plants was significantly increased by all copper 

treatments (p<0.0001). After 12 hours of exposure to 4 µM Cu, GPX activity was 

already at least double than the control (Fig. 5C). From day 1 to day 15 all Cu 

treatments reached similar rates to the later, except on 4 µM Cu treatment on day 15 in 

which the activity was at least 15 times higher than the control.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 



19 

 

Chapter 2 
      Oxidative stress and antioxidative mechanisms in H. portulacoides (L.) Aellen after Cu exposure 

 
 

 
 
 
 
 
 
 

 
 

 
 

 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 5. Enzymatic activityies: CAT  (A), APX (B), GPX (C), on H. portulacoides 
leaves, subjected to (   ) 0 µM Cu, (   ) 1 µM Cu, (   ) 2 µM Cu and (   ) 4 µM Cu. 
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4. Discussion 

Numerous studies present Cu as a potent growth inhibitor (Weckx & Clijsters, 1996; 

Mazhoudi et al., 1997; Jouili & El Ferjani, 2004). Cu amounts used in these works are 

always considered toxic and just acute effects are taken in consideration. In this work, 

Cu amounts varied from 1 to 4 µM Cu, being lower than toxic levels, and similar to 

those found on salt marshes near industrialized areas. For example on Tagus estuary 

(Portugal), Cu concentration in pore water is approximately 7 µM (Reboreda & 

Caçador, 2007), while on other estuaries like Nerbioi-Ibaizabal estuary (Bay of Biscay, 

Basque Country), Mhlathuze estuary (South Africa) or Thames estuary (UK) it varies 

from 1 to 10 µM Cu (Power et al. 1999; Mzimela et al. 2003; Fernández et al. 2007).  

The presence of 1 µM Cu was enough to significantly increase shoot’s dry weight/fresh 

weight ratio on the beginning of the treatment. As higher amounts did not change this 

ratio, it is possible that plants benefited with this low exposure to Cu, acting it as 

micronutrient at this concentration (Fernandes & Henriques, 1991). On the other hand, 

just the two highest Cu treatments enhanced root’s dry weight/fresh weight ratio.  This 

effect was significant only on the last days of the experiment. It may be due to a higher 

need for Cu to root growth, comparing to shoot growth.  

Root/shoot ratio is considered to be a stress evaluating parameter (Monk, 1966). As so, 

2 µM Cu exposure provoked significant general stress on Halimione portulacoides 

plants since day 3, while the lowest and the highest Cu amounts only affected this 

parameter on the end of the experiment.  

Protein content was affected by Cu exposure, but in two different ways. While the 

lowest Cu amount resulted in a decrease latter in the treatment, the exposure to 2 µM Cu 

provoked a sudden decrease early as day 3, though this decrease was attenuated through 

time. The highest Cu amount tested just induced a slight decrease through the time-

course.  This altered state on protein content can be justified as the result of the 

inactivation of a variety of enzymes (Gupta, 1986). Another possible explanation 

concerns oxidative stress that induced protein degradation. In this case, reactive oxygen 

species may act as a stress inducer leading to protein degradation (Palma et al., 2002). 

This implies that proteins are oxidatively modified by free radicals and other oxidants,  
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and these modified proteins are selectively recognized and preferentially degraded by 

proteolytic enzymes (Grune et al., 1997).  

Lipid peroxidation was also induced by Cu. All the treatments provoked a slight but 

steady increase in MDA content, which seemed to be attenuated through the time-

course. This shows that Cu amounts as low as 1, 2 and 4 µM Cu can produce damage in 

membranes such as lipid peroxidation, which is recognized as one of the more 

damaging Cu effects on the cells (De Vos et al., 1993). This is due to the fact that the 

metal affects membrane integrity, inducing cellular death (De Vos et al., 1993).   

The cellular damage, induced by oxidative stress conditions, has shown to be alleviated 

by antioxidative enzymes such as CAT and peroxidases, like GPX and APX (Asada, 

1992). The results of this work show that CAT activity was enhanced by Cu treatment, 

especially by 2 µM Cu. This did not occur in previous works which report that CAT 

activity is inhibited by Cu and suggest that this inhibition may be due to the 

deterioration of its enzymatic structure by Cu induced ROS (Mazhoudi et al., 1997). 

However, these works tested significantly higher Cu concentrations than the present 

study.  

Both APX and GPX activities were greatly enhanced by Cu treatment. Peroxidase 

activity was correlated with growth inhibition by degradation of plant hormones or by 

interfering in the lignification process (Fry, 1986; Gazaryon et al., 1999). However, in 

this work, growth inhibition was not detected. Probably Cu induced stress was not 

intense enough to these consequences to be noted. GPX and APX were indeed affected 

but its effects were not relevant in H. portulacoides growth.  

Considering enzymatic activity analysis, it can be concluded that when subjected to 

these low Cu concentrations, H. portulacoides responds positively, increasing its ability 

to scavenge reactive oxygen species and other related oxidants.  

A previous study on H. portulacoides regarding its ability to accumulated heavy metals 

showed that there is a compartmentation in its distribution within the plant (Sousa et al. 

2008).  It is shown that the metal content in the intracellular compartment is indeed 

much lower than the total metal content retained by the plant and it is also suggested 

that this compartmentation allied to detoxifying mechanisms allow H. portulacoides 
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to tolerate high levels of heavy metals, in this case Cu, available on salt marshes. The 

present study confirms this hypothesis and gives an insight on the antioxidative defense 

mechanisms involved.  

Halimione portulacoides obviously has several defense mechanisms against heavy 

metal intoxication. The reported alterations in the tested antioxidative enzymes, leading 

to an increase on ROS scavenging ability, may be crucial to the survival of this salt 

marsh plant on its habitat and also to allow it to accumulate considerable amounts of 

heavy metal, reducing its quantities in the water column circulation.  

Considering the results of this study it was determined that there are chronic effects of a 

constant Cu presence which can be used to create a tool to evaluate the health of salt 

marsh plants on the field. As so, the enhanced activity of enzymes like CAT, APX and 

GPX reported in this work can then be considered as biomarker to Cu exposure. Further 

studies are needed in order to determine if these biomarkers are specific to Cu or if they 

are common to other heavy metal exposure.  
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Halimione portulacoides (L.) Aellen photosynthetic response to Cu 

exposure 

 

Abstract 

 

Salt marsh plants, like Halimione portulacoides, are continuously exposed to heavy 

metals in its natural habitat. The toxic effects of Cu have been studied in several 

previous studies. However the available Cu concentrations are quite low. The objective 

in this work, was to test Cu concentrations tested similar to those found in the H. 

portulacoides natural habitat, and report the chronic effects. 

 H. portulacoides plants were exposed to different Cu concentrations and the impact on 

chlorophyll fluorescence and chlorophyll content was determined. Cu uptake was 

confirmed by its quantification on shoots and roots. To understand where Cu had a 

greater impact on photosynthesis within the plant structure, the accumulation in the 

different cellular and extracellular fractions, as well as on the different organic ligands, 

was determined.  

The results showed that Cu exposure provokes an altered state on photosynthesis. 

Photosynthetic efficiency and total chlorophyll content were negatively affected by Cu 

exposure, although with different behaviors in the several Cu concentrations tested.  

 

Keywords: Low Cu concentrations; Mucilage; Organic Ligands; Photosynthesis 
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1. Introduction 

Photosynthesis is the basis of all food chains and is driven by the light energy absorbed 

by the chlorophyll in photosynthetic organisms. Hence, one of the main concerns in 

conservation science should be to avoid damage of the photosynthetic apparatus by 

pollutants. Several pollutants interfere with plant metabolism and heavy metals are one 

of the most common ones. Characteristically with a long live span, these pollutants are 

often reported at high concentrations in several regions of the world (Mallick & Mohn, 

2003). Although these contaminations are usually local, due to contaminated sewages 

and pollutant discharges from industrial and urban activities (Caçador et al., 1996, 

2000), this environmental problem has to be considered a world-wide concern.  

The studies concerning the damaging effects of these toxic metals have shown that the 

PS II is the most sensitive site of action. Many heavy metals inhibit electron transfer 

reactions in Photosystem II (PSII) (Sigfridsson et al., 2004). For example, it is known 

that on Spinacia oleracea, Cd2+ provokes several disruptions in photosynthetic 

apparatus (Sigfridsson et al., 2004), as well as on the green microalga Scenedesmus 

obliquus (Mallick & Mohn, 2003). Some reports show that metals like Cd arrest the 

electron flow at the water-splitting site (Prasad et al., 1991), while others have 

demonstrated that a metal like Ni induces stress resulting in direct inactivation of the 

photosystem II (PS II) reaction center (Singh et al., 1991). However, these reports 

concern in vitro studies, using isolated thylakoids, which not always reflects the 

photochemical activity of in vivo condition. The chlorophyll molecules existent on the 

PS II of photosynthetic organisms exhibit fluorescence emission when exposed to light 

energy.  Krause and Weis (1991) determined that the fluorescence emission in vivo 

varies between 0.6% and 3% of the absorbed light. As so, chlorophyll fluorescence and 

photosynthesis are opposite processes which compete for light energy.    

Nowadays, the analysis of chlorophyll fluorescence has become increasingly relevant in 

plant ecophysiology studies, mainly due to the development of portable chlorophyll 

fluorometers, like the pulse-amplitude-modulated (PAM) fluorometer. The 

measurement of plant fluorescence has been used as a simple quick and sensitive 

method to evaluate photoinhibition and pollutant effects on plants (El Jay et al., 1997; 

Juneau & Popovic, 1999; Marwood et al., 2000). This technique was well accepted has  
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its measurements were closely related to those of the photosynthetic carbon metabolism 

and gas exchange techniques (Walker et al., 1983; Genty et al., 1989). PAM 

fluorometry methods are used in PSII-PSI electron transport activity studies, providing 

different parameters which reveal plant’s photosynthetic status (Schreiber et al., 1986; 

Genty et al., 1989).  

The Tagus estuary is located near a highly urbanized and industrialized area (Lisbon, 

Portugal). As previous works refer, this estuary is affected by discharges from industries 

and effluents from human activity sources, like sewers (Caçador et al., 1996; Caçador et 

al., 2000). Salt marshes in the Tagus estuary are colonized by halophyte species, such as 

Halimione portulacoides, which is known for its ability to sequester and tolerate heavy 

metals presence (Caçador et al., 2000; Reboreda & Caçador, 2007; Sousa et al., 2008).  

In this study, the effects of Cu are assessed in order to determine if photosynthesis is 

indeed affected, on H. portulacoides plants, and if it may act as a marker to heavy metal 

contamination.  H. portulacoides plants, grown in Hoagland solution, were exposed to 

low concentrations of copper, similar to those available in salt marshes (Caçador et al., 

2000; Reboreda & Caçador, 2007). Therefore, this study was undertaken to provide the 

in vivo measurement of the impact of Cu on the chlorophyll fluorescence and 

chlorophyll content. Cu accumulation in the different cellular and extracellular fractions 

on H. portulacoides plants was determined in order to confirm its uptake. The 

knowledge of the physiological consequences of heavy metal exposure, as well as 

possible defense mechanisms may give an insight on the Halimione portulacoides 

ability to survive in Cu contaminated settings, as in the Tagus estuary.    
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2. Material and Methods 

 

2.1. Halimione portulacoides collection and growth 

H. portulacoides samples were collected during the low tide at a salt marsh of the Tagus 

estuary (Portugal). The plants were brought back to the laboratory and were washed 

with distilled water. In order to make grafts from the samples, the roots and a small part 

of the stem were cut, always leaving at least two nods in the higher part of the stem 

below the lowest branch. The grafts were grown in one quarter strength diluted 

Hoagland nutrient solution with the following composition: 1.25 mM KNO3, 1 mM 

Ca(NO3)2, 0.5 mM NH4H2PO4, 0.25 mM MgSO4, 50 µM KCl, 25 µM H3BO3, 2 µM 

MnSO4, 2 µM ZnSO4, 0.5 µM CuSO4, 0.5 µM (NH4)6 Mo7O24 and 20  µM FeNaEDTA. 

The plants were kept in a greenhouse for approximately two months in order to allow 

new root biomass growth (Carvalho et al., 2006). 

 

2.2. Cu exposure 

Before testing several Cu concentrations, H. portulacoides plants were taken off 

Hoagland growing solution, which was replaced by a new Hoagland solution deprived 

of Cu and FeNaEDTA. Five plants per treatment were subjected for several days to 

three different Cu concentrations: 1, 2, and 4 µM Cu, which were prepared from a stock 

solution of CuSO4.5H2O (Sigma-Aldrich, p.a.). The acidity of the solution was kept 

constant and similar to the one of Hoagland solution. Samples were taken at the end of 

day 1, 3, 5 and 15.  

 

2.3. Measurement of Chlorophyll Fluorescence 

Photosynthetic parameters were measured fluorometrically using a Diving-PAM (Walz, 

Germany). In order to determine chlorophyll fluorescence, pulses were given 

immediately after putting the leaves under the fibre optic light guide of the Diving-

PAM, not allowing any dark adaptation. Constant or ground fluorescence (F0) was 

determined in response to a weak pulse-modulated red measuring light. The maximum 

fluorescence (F’max) at 650 nm was then measured by applying a saturating pulse of  
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actinic light (>3000 µmol quanta.m-2.s-1) for 0.7 ms. A consistent distance of 10 mm 

between the fibre optic sensor and the upper surface of plant leafs was kept.   

Fluorescence parameters were calculated according to the equations mentioned on Table 

1. 

 

Table I. Fluorescence parameters obtained with dark and light adapted plants. 

 
 

Equation Reference  

Φ M (FM – F0)/FM Kitajima & Butler, 1975 

Φ' M (F’M – FS)/F’M Genty et al. 1989 

QP (F’M – FS)/(FM – F0) Schreiber et al. 1986 

QN (FM – F’M )/(FM – F0) Schreiber et al. 1986 

 

 

2.4. Measurement of Chlorophyll content 

Two leafs of each sample (five replicates per treatment) were taken and placed in 

covered tubes with methanol 100 % (Sigma p.a.), macerated in low luminosity 

conditions and kept overnight at 4 ºC. Total chlorophyll content was determined 

according to Lichtenthaler and Wellburn (1983).  The supernatant samples (1 mL) were 

subjected to spectrophotometrical absorbance determination at 470, 652.4 and 665.2 nm 

(Lichtenthaler & Wellburn, 1983).    

 

2.5. Total Cu content analysis 

Plants were taken off the solution and rinsed with distilled water. They were separated 

into roots and shoots and left to dry at 60 ºC, for 72 h, after which they were reduced to 

a powder. Approximately 100 mg of each sample were digested for 3 hours, at 110ºC, 

by adding 2 mL HNO3/HClO4 (7:1, v/v). The digested mixture was filtered in Whatman 

42 filters and diluted with distilled water until 10 mL. Copper concentrations were 

determined by atomic absorption spectrometry (Perkin Elmer A Analyst 100). Standard 

additions and sludge reference materials were used for sediment (EC standards CRM 

145 and 146) and vegetal reference material for plants (Olea europaea BCR62).  
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 2.6. Cu sequential extraction procedure 

A sequential extraction was performed according to Sousa et al. (2008) - an adaptation 

from (Farago & Pitt, 1977) - in order to assess the Cu content in cellular constituents of 

H. portulacoides. Root material sampled on the end of day 1 was previously 

homogenized and individually processed in a soxhlet by successive extractions. Cu 

bound to pectic, polissacaridic, ligninic and cellulosic fractions are related to cell wall. 

This extraction method does not distinguish different types of proteins. Therefore, it is 

not possible to determine their exact location in the cell. The Cu bound to some amino 

acids, chlorophyll, low weight compounds (all of these extracted by ethanol) and those 

extracted in the aqueous fraction were designated soluble metal (Farago & Pitt, 1977).   

 

2.7. Removal of mucilage 

The potential role of mucilage as an apoplastic pool for Cu was evaluated by removing 

root mucilage, using a 30 minutes wash in 0.5 mM citric acid (Sigma-Aldrich, p.a.), pH 

4.5, 0ºC, followed by a 10 minutes wash in 1 M NH4Cl (Sigma-Aldrich, p.a.), pH 4.5, 

23ºC, (Brahms, 1969, in Archambault et al., 1996).  To test the efficiency of this 

treatment, microscope studies were undertaken in order to visually confirm mucilage 

removal. As so, roots were stained with 100 µM Ruthenium red (Sigma-Aldrich), a 

specific stain for mucilage, and then rinsed with distilled water. Root samples for 

mucilage removal were taken on the end of day one. After mucilage removal, roots were 

thoroughly rinsed with distilled water and dried at 80 ºC for 72 h, after which they were 

reduced to a powder. Total Cu content was analysed, as in section 2.5. Total Cu content 

in roots with and without mucilage, on the end of day one, was compared in order to 

determine Cu accumulation in mucilage.  

 

2.8. Statistical Analysis 

Statistical analysis was performed using Statistica Software version 7.0 from StatSoft, 

inc. 1984-2004.  Data were subjected to Cochran’s Q test for homogeneity of variances. 

Data were log (x) transformed whenever needed in order to obtain homogeneity. 

Normality was also assured by Kolmogorov-Smirnov test. For post-hoc comparisons, 

the Newman-Keuls test was used at α=0.05 significance level. 
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3. Results 

 

3.1. Measurement of Chlorophyll Fluorescence 

None of the Cu treatments significantly changed ground fluorescence or the maximal 

fluorescence, both in dark and light-adapted plants (Table II). Ground fluorescence 

levels were similar or lower than the control, but in an insignificant way. Both in dark 

and light-adapted plants, the maximal fluorescence was also similar or slightly lower 

than the control. An exception happened on day 3 in the 4 µM Cu treatment, in which 

the fluorescence levels, ground and maximal, were quite low. Evaluating parameters 

based on fluorescence determinations, like the maximal PSII quantum yield (ΦM) and 

the operational PSII quantum yield (Φ’M), they were not significantly changed but an 

interesting increase happened both on 2 µM Cu and 4 µM Cu treatments. Non 

photochemical quenching showed to be not significantly lower or similar to control in 

every treatment. Regarding photochemical quenching, levels remained similar in all Cu 

treatments, through time, except on day 3 of the 4 µM Cu treatment.   

 

Table II. The change of  FM, F0, FM’Φ M, Φ' M, QN and QP when plants were exposed for 1, 3 

and 5 days to 0, 1, 2 and 4 µM Cu (average of 5 experiments).  

 0 µM Cu     1 µM Cu        2 µM Cu        4 µM Cu        

   day 1 day 3 day 5 day 1 day 3 day 5 day 1 day 3 day 5 

F M 1978 1038 1953 1953 1742 1063 1924 1676 747 1753 

F 0 477 491 273 436 385 218 399 342 159 476 

F M’ 1626 1232 874 1618 1487 973 1618 1405 820 1439 

Φ’ M 0.684 0,683 0,68 0,654 0,705 0,733 0,727 0,719 0,683 0,696 

Φ M 0.758 0,747 0,776 0,736 0,778 0,792 0,794 0,795 0,728 0,787 

QN 0.234 0,488 0,214 0,22 0,187 0,106 0,2 0,203 0,218 0,245 

QP 0.968 0.976 0.951 0.931 0,951 0,937 0,972 0,951 0,863 0,973 

           

           

           

3.2. Measurement of total Chlorophyll content 

Regarding total chlorophyll content, both 1 µM Cu and 2 µM Cu provoked a significant 

decrease on day 3 (p<0.05), followed by recuperation (Fig. 6). While with 1 µM Cu, 

total chlorophyll content suffered an increase on day 5, maintaining constant on day 15;  
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the application of 2 µM Cu resulted in a continuous increase from day 3 to day 15, 

surpassing all the treatments. When 4 µM Cu was added, it sorted a significant decrease 

on day 1 (p<0.05), followed by a slow but steady increase, reaching levels significantly 

higher than the control on day 15 (p<0.05).   

 

 

Figure 6. Total chlorophyll content on H. portulacoides leaves, subjected to (    ) 0 µM Cu, (    ) 1 

µM Cu, (    ) 2 µM Cu and (    ) 4 µM Cu. 

 

3.3. Metal content analysis 

The total accumulation of Cu was determined in the roots and in the shoots after 

exposure to 0, 1, 2 and 4 µM Cu for 1, 3, 5 and 15 days. There was no significant 

difference between total Cu content on roots and on shoots.   

The uptake occurred rapidly as the maximum Cu content on roots was reached on the 

end of day 1, in plants treated with the higher copper concentration (Fig. 7 A). On the  

end of day one, when exposed to 4 µM Cu, the metal content in H. portulacoides 

reached the maximum level of the experiment which was significantly higher than in all 

the other treatments (p<0.0001). From day 3 to 15, the metal content of the plants 

treated with 4 µM showed a decrease, reaching similar levels to the untreated plants. 

The other treatments did not provoke significant differences on metal content on roots.  
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On the shoots, metal content was significantly different between treatments (p<0.0001) 

(Fig. 7 B). The exposure to 1 µM Cu did not change Cu content in shoots while plants 

treated with 2 and 4 µM Cu had significantly higher Cu contents. 

When plants were subjected to 2 µM Cu, the Cu content was significantly higher than in 

the control on day 3, suffering a decline through day 5 and 15 and reaching similar 

levels to the untreated plants. When plants were subjected to 4 µM Cu, the Cu content 

was significantly higher than in the other treatments on day 5, declining on day 15 but 

still significantly higher than in the control plants.    

 

Figure 7.  Total Cu content on H. portulacoides (A) roots and (B) shoots when plants 

were exposed to (    ) 0 µM Cu, (    ) 1 µM Cu, (    ) 2 µM Cu and (    ) 4 µM Cu. 
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3.4. Cu sequential extraction  

Considering the extracted fractions, metal location in the plant structure can be divided 

into three sections: cell wall, proteic fraction and intracellular fraction. The pectic, 

polissacaridic, ligninic and cellulosic fractions are associated with cell wall. Regarding 

protein fraction, the exact location cannot be determined as this method does not allow 

it.  Intracellular metals are those extracted by ethanol and demineralised water.   

In all the treatments most of the Cu was accumulated in the cell wall, varying between 

77 and 87%, with no significant differences between treatments (Fig. 8). The lower 

contents in this fraction were found in the 4 µM Cu treatment. Intracellularly, Cu 

content varied between 4 and 11%, without statistic significance.  Regarding protein 

content, 1 and 2 µM Cu treatments induced a slight decrease on Cu content. Cu was 

accumulated in this fraction, varying its levels between 2 and 16%.  

Within the cell wall fraction, Cu accumulated differently in the various tested 

concentrations. Both in 1 µM Cu and 2 µM Cu treatments, the metal was mostly 

accumulated in the ligninic fraction,  respectively with 65 and 47%, similar to the 

control with 55% of the total Cu accumulated in this fraction.  With the 4 µM Cu  

treatment, Cu mostly accumulated in the polissacaridic fraction, with 51% of its total 

accumulation.  

 

Figure 8. Copper concentrations (%) on different fractions of H. portulacoides roots, 
subjected to 0 µM Cu, 1 µM Cu, 2 µM Cu and 4 µM Cu. The fractions, from top to 
down, are ethanolic (   ), aqueous (   ), proteic (   ), pectic (   ), polissacaridic (   ), 
ligninic (   ) and cellulosic (   ). 
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3. 5. Cu content in root mucilage 

Total Cu content was significantly different between plants with and without mucilage, 

and also between treatments (p<0.0001) (Fig. 9). Plants with mucilage showed 

significant higher contents of Cu, both in 2 and 4 µM Cu treatments. Also, mucilage 

contribution to Cu concentration in roots was significantly higher in 2 and 4 µM Cu 

treatments, than control and 1 µM Cu treated plants.  

 

 
Figure 9. Cu content on H. portulacoides roots with (   ) and without (   ) mucilage when 

plants were exposed to 0, 1, 2 and 4 µM Cu.  
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4. Discussion 

Chlorophyll fluorescence analysis has been used in the past decades as a tool to 

determine ecophysiological stress on plants (Lichtenthaler & Rinderle, 1988). 

Chlorophyll fluorescence, photosynthesis and energy loss by other non radiative 

processes are competing processes. Therefore, a decrease on chlorophyll fluorescence 

should indicate that photosynthesis had been enhanced or that the non radiative energy 

losses had been greater. Regarding Cu stress, several authors reported a decrease on 

chlorophyll fluorescence (Krupa et al., 1993; Lidon et al., 1993), confirming that this 

decrease was an evaluating parameter for the formation of Cu-chlorophyll (Küpper et 

al., 1996). In this study, a slight decrease on both ground and maximal chlorophyll 

fluorescence on H. portulacoides subjected to Cu is reported, which can be related with 

the formation of non fluorescent Cu-chlorophyll. In this process, Mg2+ ion in 

chlorophyll is replaced by Cu (Küpper et al., 2002).  According to Küpper and 

colleagues (1998), the rates of substitution of Mg2+ are quite lower than the decrease on 

chlorophyll fluorescence. As so, and knowing that most of the fluorescence is caused by 

PSII, Mg-substitution appears to be specifically associated with PSII (Küpper et al., 

1998).  

Parameters like the maximal PSII quantum yield (ΦM) and the operational PSII 

quantum yield (Φ’M) represent respectively the capacity of dark-adapted and light-

adapted plants to convert light energy into chemical energy (Bolhar-Nordenkampf et al., 

1989; Genty et al., 1989). As ground fluorescence, both in light and dark-adapted 

plants, decreased at a higher rate than FM or F’M, it resulted in a slight increase on ΦM 

and Φ’M, as was reported in Antithamnion under low Cu concentrations (Küpper et al., 

2002).  

Other two parameters considered valuable to determine photosynthetic status are the 

photochemical quenching (Qp) and the non photochemical quenching (Qn) (Schreiber et 

al., 1986). The first of these two parameters represents the proportion of excitation 

energy trapped by open PSII reaction centres used for transport. After Cu exposure, H. 

portulacoides plants showed a decrease on the proportion of open PSII reaction centres.  

 

 



40 

 

Chapter 3 
                                                 H. portulacoides (L.) Aellen photosynthetic response to Cu exposure 
 

Furthermore, Paulsen and colleagues (1993) reported that Cu-chlorophyll complexes do 

not bind axial ligands which are required for correct association of chlorophyll to 

proteins and for the maintenance of the proper PSII structure.  

Non-photochemical quenching values represent the amount of light energy dissipation 

inducing fluorescence quenching that involves non radiative processes, which remained 

still after Cu exposure.  

Regarding total chlorophyll content, other photosynthetic organisms such as algae and 

plants, when subjected to excess Cu, showed a decrease on chlorophyll content 

(Franklin et al., 2002; Pätsikkä et al., 2002). An exception is reported with the 

stimulation of Chl synthesis in soy beans exposed to Cu (Bernal et al., 2007). In the 

present work, both phenomena are present. Firstly a decrease was noted, followed by an 

increase on chlorophyll content. The decrease can possibly be explained by 

conformational changes in PSII, resulting on an exposure of Mg-chlorophyll to the 

acidic content of the thilakoid lumen, resulting in chlorophyll degradation The 

accumulation of Cu-chlorophyll, which has been reported as a highly stable molecule, 

can explain the following increase on total chlorophyll content (Küpper et al., 1998).  

After evaluating the photosynthetic influence of Cu, metal accumulation and 

compartmentation was considered.  Regarding total metal content on roots, on the end 

of day 1, H. portulacoides plants treated with 4 µM Cu showed similar metals levels to 

those found on field plants (Sousa et al., 2008). The Cu uptake happened quite suddenly 

with this Cu concentration, followed by a decrease in Cu content through time, which 

suggests possible metal exclusion mechanisms. In shoots, control plants showed similar 

Cu contents to those found on field plants (Sousa et al., 2008), which agrees with 

previous works from the Tagus estuary that report an higher accumulation capacity on 

H. portulacoides roots than in shoots (Caçador et al., 2000; Reboreda & Caçador, 

2007). However, when 1, 2, and 4 µM Cu was added to the nutritive solution, the metal  

content increased on shoots up to 25%. A possible explanation concerns with Fe-

deficiency. In Commelina communis plants, Fe-deficiency was reported to induce Cu 

accumulation (Chen et al., 2004) as well as in the leaves of sugar beet grown 

hydroponically (Rombolà et al., 2005). In this work, the nutritive solution was deprived  
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of chelators and as so EDTA, in its ferric form, was not included. This fact possibly 

induced a momentary Fe-deficiency and thus, a higher Cu accumulation.   

Uptake and accumulation of metals by salt marsh plants depends on a variety of factors, 

such as the plant species, fenology, seasonal variations, intrinsic plant characteristics, as 

well as environmental factors (Deng et al., 2004). These include level of metal 

contamination, soil characteristics, tidal influence and salinity. Metal characteristics will 

then determine the absorption, accumulation and translocation within the plant 

(Fitzgerald et al., 2003). Thus, plants had to develop protective mechanisms for survival 

when exposed to heavy metals. Complexation mechanisms have been reported for Zn 

and Ni (Marschner, 1995), while other mechanisms have been referred to reduce 

oxidative stress, such as the increase of antioxidative enzymatic activity (Asada, 1992; 

Foyer, 1993; Delgado & Caçador, submitted). Also, even with some controversy, 

phytochelatins have been considered as a mechanism for metal detoxification (Cobbet, 

2000; Ebbs et al., 2002).  

Another reported protective mechanism concerns with metal compartmentation. In 

Lactuca sativa, most of the cellular Cd accumulation showed to be bound to the cell 

wall fraction (Ramos et al., 2002). Other plants have the ability to accumulate Cd in the 

apoplast and in the vacuoles, reducing the negative impacts on metabolism (Carrier et 

al., 2003; Wócjik et al., 2005). For example, it was determined that in T. caerulescens 

almost half of the metal content was cell wall bound (Fritioff & Greger, 2006).  

In H. portulacoides field plants, most of the metal accumulation was already reported to 

occur in the cell wall (Sousa et al., 2008). However, different metals showed different 

distributions which were associated with metal properties (Sousa et al., 2008). The 

mentioned metal accumulation on cell walls has been considered a protective 

mechanism from oxidative stress, by reducing metal presence on cytoplasm (Ramos et 

al., 2002).  

In the present work, a sequential metal extraction was performed in H. portulacoides 

plants, after Cu exposure, which showed that most of the Cu was in fact in the cell, 

possibly has a defense mechanism. 
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Another protective mechanism reported for H. portulacoides concerns with 

antioxidative enzymatic activity enhancement (Delgado & Caçador., submitted), as it 

was already reported in other plant species (Asada, 1992).  

Results from previous studies show that, although in its natural habitat, H. portulacoides 

plants are continuously exposed to Cu, it does not affect significantly their survival 

(Caçador, unpublished data; Delgado & Caçador, submitted). In the present work, 

besides reporting a considerable Cu accumulation on cell walls, this accumulation did 

not show similar behaviors in the several Cu concentrations tested. The total Cu content 

of the 4 µM treated plants, on the end of day 1, showed to be similar to the content in 

the field plants (Sousa et al., 2008). This may show that metal accumulation happens 

quite quickly, as just one day was apparently needed to accumulate similar quantities to 

those in plants in field conditions which are continuously subjected to Cu. 

Hydroponically Cu treated plants showed similar Cu content on the various cellular 

compartments to those on field plants. However, the compartmentation within the 

different organic ligands was not the same. H. portulacoides field plants have been 

reported to accumulate most of the metal content in the pectic fraction (Sousa et al., 

2008), existent on the matrix of plant cell walls.  

In the present work, plants subjected to the lower Cu concentrations revealed most Cu 

content associated with the ligninic fraction. Lignin is a highly complex phenolic 

macromolecule which exists on the cell walls of various types of supporting and 

conducting tissue. Thus, this accumulation suggests that Cu entered the root structure 

and accumulated in the referred tissues cell walls. This may be an explanation for the 

higher Cu accumulation on roots, than on shoots. Cu, possibly, enters the root’s vascular 

system but then becomes bound to the cell walls of vessel elements and traqueids, 

limiting translocation to the shoot. Considering the results of Sousa et al. (2008), it also 

suggests that further in the uptake process, Cu then accumulates in all cells of the root 

structure, as it is mainly found in pectins, existent in all cell walls.    

However, when 4 µM Cu was added, plants showed similar total Cu content to field 

plants. Most of the total Cu content showed to be associated with the polissacaridic 

fraction, which includes cell walls hemicelluloses and mucopolissacarids, such as root 

mucilage. 
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Considering also that the ligninic and pectic fractions showed  much  lower Cu contents 

than in plants treated with 1 and 2 µM Cu, it suggests that in the exposure to this Cu 

concentration, the metal did not enter the cell, becoming bound to root slime, or 

mucilage. Therefore, it seems to occur a protective exclusion mechanism, which enables 

plants to survive when exposed to higher Cu concentrations. 

 In order to determine the exclusion process, mucilage was removed and Cu content of 

mucilage-free roots was determined. This confirmed that a great deal of metal was 

indeed accumulated in the root protective slime. The total Cu content obtained in 

artificially treated plants may then be deceiving. Root mucilage, which is secreted in 

order to help root penetration in soil, is not removed by friction with soil particles when 

plants are hydroponically grown and treated (Archaumbault et al., 1996). This results in 

misleading total Cu contents, as it was reported for Al uptake in Zea mays 

(Archaumbault et al., 1996).  

Although Cu is known to damage the photosynthetic apparatus, in H. portulacoides its 

effects are not severe. Cu compartmentation and a possible metal exclusion process can 

contribute to the survival of H. portulacoides plants which are constantly subjected to 

Cu exposure in its habitat.  
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FINAL REMARCKS 

 
 

Cu exposure provoked considerable general stress on Halimione portulacoides plants, 

considering root/shoot ratio, protein content, lipid peroxidation and photosynthesis. 

Although Cu is known to damage the photosynthetic apparatus, in H. portulacoides its 

effects are not severe, obviously occurring several defense mechanisms against heavy 

metal intoxication.  

Considering enzymatic activity analysis, it can be concluded that when subjected to 

these Cu concentrations, similar to those found on salt marshes, H. portulacoides 

responds positively, increasing its ability to scavenge reactive oxygen species and other 

related oxidants, reducing oxidative stress. Also differential content compartmentation 

and an exclusion process, at higher concentrations, can contribute to its ability to 

tolerate Cu exposure.  

Considering the results of this study it was determined that there are chronic effects of a 

constant Cu presence which can be used to create a tool to evaluate the health of salt 

marsh plants on the field. As so, the enhanced activity of enzymes like CAT, APX and 

GPX reported in this work may be considered as biomarker to Cu exposure. The 

reported alterations in the tested antioxidative enzymes, leading to an increase on ROS 

scavenging ability, may be crucial to the survival of this salt marsh plant on its habitat 

and also to allow it to accumulate considerable amounts of heavy metal, reducing its 

quantities in the water column circulation. Further studies are needed in order to 

determine if these biomarkers are specific to Cu or if they are common to other 

pollutants.  

 


