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ABSTRACT 

Cyanobacteria is a photosynthetic prokaryote, these obtain their energy through photosynthesis. In this review, we summarize the effect of heavy metals on 

cyanobacterial photosynthesis and its detoxification. Now a day’s metal contamination due to natural and anthropogenic sources is a global environment 
concern. Metals were affected the photosynthetic process like photosystem II complex, cytochrome b6f complex, photosystem I complex and ATP synthase, 

photosynthetic energy transfer process in cyanobacteria phycobilisomes. Here it is also mentioned heavy metal induced altered macromolecules metabolism 

and changes in the central dogma of life (DNA→ mRNA → Protein). And also recent advances have been made in understanding heavy metal-cyanobacteria 
interaction and their application for metal detoxification. 
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INTRODUCTION 

Cyanobacteria are phylum of bacteria, obtain their energy 

through photosynthesis, this process is a flexible molecular machine. 

Cyanobacteria contribute about 40% present day global photosynthetic 
biomass production and its convert solar energy into biomass-stored 

chemical energy at the rate of ~450 TW. Cyanobacterial electrogenic 

activity is an important microbiological conduit of solar energy into the 
biosphere [1]. Heavy metals are disturbed the photosynthetic energy 

process in Blue Green Algae (BGA) and red algae. 

Heavy metal causing toxicity in plants and cyanobacteria, this metallic 
element which is toxic has a high density (5mg/cm3), and specific gravity 

or atomic weight. Heavy metals fall into 2 groups; the 1st group essential 

metals (Fe, Zn and Cu), these metals function as micronutrients for 
plants and cyanobacteria. Which are involved in numerous physiological 

processes and photosynthetic reactions, but at high concentrations they 

are strongly toxic and impair plant growth and productivity. The heavy 
metals of the second group include nonessential metals, which are major 

pollutants of the environment such as Cd, Pb, Hg, As and are very toxic 

even at low concentrations and for them no biological functions are 
known [2]. 

Sources of heavy metals in the environment 

Heavy metals are natural components of the Earth’s crust. Metals are 
entering into the environment from natural and anthropogenic sources 

(Table 1). Anthropogenic activities represent the main source of metal 

contamination in the environment [3], i.e; mining and smelting of 
minerals or metals, surface finishing industry, energy and fuel 

production, fertilizer and pesticide industry, electroplating, electrolysis, 

electro-osmosis, leather work, photography, manufacture of electrical 
appliances, aerospace and atomic energy installation, etc. are the major 

source of heavy metal pollutants. The principal metal emission sources 

come from the following industries: petrochemical, extractive, and 
metallurgic (foundry and metallurgy), mechanic (galvanic processes, 

painting), chemical (paints, enamels, plastic materials) and ceramic [4-

6]. Blue-green algae particularly recommended to the bioremediation 
processes devoted to the degradation (or) recovery of pollutants from 

contaminated environments.  

Table 1: Anthropogenic sources of heavy metals in the earth crust. 

Heavy metal Sources Reference 

As Pesticides and wood preservatives [7] 

Cd Paints and pigments, plastic stabilizers, electroplating, incineration of cadmium-containing plastics, phosphate fertilizers. [8,9] 
Cr Tanneries, steel industries, fly ash [10] 

Cu Pesticides, fertilizers [11] 

Hg Release from Au–Ag mining and coal combustion, medical waste [6] 
Ni Industrial effluents, kitchen appliances, surgical instruments, steel alloys, automobile batteries [12] 

Pd Aerial emission from combustion of leaded petrol, battery manufacture, herbicides and insecticides [7,8] 

 

Metal toxicity may result in decreased light harvesting pigments, nutrient 
imbalance, increasing antioxidant enzymatic activity and induction of 

oxidative stress it leads to inhibition of photosynthetic process in 

algae/cyanobacteria, changes in morphology have also been reported 
[13, 14]. Growth inhibition and chlorosis are common symptoms of 

metal toxicity, in which, photosynthesis is the most 

affected metabolic process in higher plants and Blue-green algae [15]. 

Heavy metal impact on higher plants 

Higher concentrations of many heavy metals severely damage to 

physiological mechanisms in higher plants includes, disruption of many 
physiological functions by binding to protein sulfhydryl groups and 

substituting essential ions [16]. The stressful conditions of the 

environment such as water stress, soil salinity, heat, chilling, an 
aerobiosis,  pathogenesis,  wounding,  gaseous  pollutants, heavy  metals,  

etc. drastically affect plant growth and metabolism and in turn limit crop 

productivity. Several studies have been done to understand heavy metal 

effect on photosynthetic electron transport [17]. Leaf chlorosis in plants 

grown on metal-polluted soil can be due to a low chloroplast density 

caused by a reduction in the number of chloroplasts per cell and a change 

in cell size, suggesting that the excess of metal interferes with 

chloroplast replication and cell division [18]. 

Heavy metals have multiple effects in the plant cytoplasm:  

 They can bind to functionally essential SH-groups in enzymes and 

thereby inactivate them. 

 They can substitute functional elements in prosthetic groups of 

enzymes resulting in an inactive catalysis. This is particularly the 

case for cadmium substituting zinc in proteins. 
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Heavy metal impact on Morphology of cyanobacteria & 

cyanobacterial photosynthesis 

Cyanobacteria are major biomass producers in aquatic ecosystems and 

represent more than 50% of the biomass in several ecosystems. 

Photosynthetic organisms are highly sensitive to heavy metal ions. 
Bioaccumulation of heavy metals like mercury (Hg), lead (Pb), 

and cadmium (Cd) by cyanobacteria, Nostoc muscorum and 

Synechococcus PCC 7942 and their effects on photosynthetic pigment 
content, laser induced chlorophyll fluorescence and PS II-based electron 

transport and antioxidant activities were determined. Cyanobacteria are 

oxygen-evolving organisms that respond to stress conditions such as 
light deprivation. Cyanobacterial growth inhibition and chlorosis are 

common symptoms of metal toxicity, in which, photosynthesis is the 

most affected metabolic process [15]. Changes in morphology have also 
been reported [14]. Metals can penetrate into unicellular organisms 

through the whole surface of the cell. 

Thylakoid membrane 

Lipids are necessary for maintaining the structural integrity of 

membranes and constitute approximately 40% of the total dry weight of 

membranes, the remaining 60% being proteins [19]. Several of the heavy 
metals are known to affect the thylakoid membranes both structurally 

and functionally. Damage to the cellular membranes, especially for the 

plasma membrane, is one of the primary events in heavy metal toxic 
effects in plants [20]. Heavy metals disrupt cellular membranes resulting 

in the conversion of unsaturated fatty acids into small hydrocarbon 

fragments such as malondialdehyde. Metal ions can also replace calcium 
ions at its essential sites on the membranes. Furthermore, plant plasma 

membrane is dynamic and its lipid composition/structure is changed with 
variations in the external environment. Plasma membrane changes might 

have an adaptive value or injuriously affects membrane properties and 

functions [21, 22]. 

Energy transfer 

Photosynthetic energy transfer process within the phycobilisomes can be 

influenced by several environmental factors; such as, low temperature, 
high temperature [23, 24, 25], heavy metals [17] salt stress [26] and state 

transition [27]. 

Effect of heavy metal toxicity on macromolecules 

The excess ROS react with biomolecules such as lipids, nucleic acids 

and proteins hence lead to the altered fluidity of membrane, loss of 

enzyme function and genomic damage [28, 29]. The total protein 
content, total carbohydrate and the total free amino acids of the tested 

green alga Chlorella vulgaris gradually decreased in a manner dependent 

on the metal concentration in the medium. The total carbohydrates 
content of Chlorella cultures grown seven days under various 

concentrations of cobalt, copper and zinc were also determined. The 

carbohydrate content of the tested alga also declined in a manner 
dependent on  the metal concentration exist in the medium, but the 

inhibitory effect of the three  tested metals was not pronounced as on 

protein content.  

Carbohydrates 

Effect of HM on glucose, sucrose, sugars Metabolism and 

Bioremediation process Reddy et al., [30] studied the effect of Mercuric 
chloride Carbohydrate metabolism of freshwater mussel Parreysia. UDP-

glucose is not only a necessary metabolite for cell wall biogenesis, but it 

is involved in the synthesis of the carbohydrate moiety of glycolipids and 
glycoproteins [31]. 

Amino acids and Proteins 

Heavy metal (Hg, Pb and Cd) salts act to denature proteins. Proline is an 
extensively studied molecule in the context of plant responses to abiotic 

stresses. Many plants accumulate this compatible solute under water 

deficit [32], salinity [33], low temperature [34], high temperature, and 
some other environmental stresses. When compared at equal toxic 

strength, proline accumulation decreased in the order Cd > Zn > Cu [35]. 

Membrane  

Mercury (Hg), Pb, Zn, Ni, Cu and Cd metal ions to disturbances the 

structure of cell membrane in animal/microorganism. Since lipid and 

protein molecules are located in close proximity in biological 

membranes, their different mobilities inevitably give rise to frictional 
forces at the colliding molecular interfaces. The motional gradient 

between proteins and lipids leads to the formation of a solvation shell of 

lipids around the proteins. In this shell, lipids are restricted in their 
motions with respect to the fluid bulk lipids [36]. 

Lipids 

Photosynthesis is generally accepted that heavy metal-induced damage is 
manifested either via an increased lipid peroxidation or via distorted 

proteins [37]. Metal contamination seriously affects the concentrations of 

the major storage compounds trebalose, glycogen, and lipids.  

Nucleic acids 

Heavy-metal toxicity in our environment arises in part from the covalent 

interactions of heavy-metal ions with nucleic acids. Heavy metal ions 
(Zn2+ and Cd2+) were inhibited the transcription process initial activator 

Sp1 factor [38]. In addition, these heavy metals interfere with 

metalloregulatory proteins and in so doing disrupt gene expression [39]. 
Metal ions and complexes associate with DNA and RNA in a variety of 

ways. The genes under this metal-dependent control encode a variety of 

proteins involved in the cellular homeostasis of both essential and toxic 
metals.  

Effect of heavy metal ions on general photosynthesis: 

Photosynthesis, an important process for plant growth and biomass 
production is negatively affected due to increasing levels of heavy 

metals in air emissions or soil environment [40]. Heavy metals are 

generally inhibiting normal physiological processes and also 
disturbances the photosynthetic process in cyanobacteria and higher 

plants (Table 2). It has previously been shown that different heavy 
metals can interfere with various steps of the photosynthetic electron 

transport chain. Inhibitions were found on both the donor and acceptor 

sides of photosystem II (PS II), at the cytochrome b6f complex and in 

photosystem I also. In the photosynthetic electron transport chain, 

photosystem (PS) is the site most sensitive to metal ions [41]. 

Photosynthetic pigments 

Reduction of photosynthetic pigments by the heavy metals also 

indirectly influences the photosynthesis. Chlorella was grown with Zn, 

for this study chlorophyll a/b content totally decreased. Influence on 
photosynthetic activity and pigment content was in some cases observed 

[42]. Phycobilisomes are attached to the cytosol (stromal) face of the 

cyanobacterial thylakoid membrane. PBsomes are large water-soluble 
protein complexes which usually consist of a tri cylindrical 

allophycocyanin (APC) core and six phycocyanin (PC) rods attached to 

the core [43].  PBsomes are structurally related to mammalian bile 
pigments. Heavy metal toxicity causes reduction of leaf growth and 

disorganization of chlorophyll structure [44]. Interaction of Heavy 

metals with light harvesting pigments (chlorophyll, carotenoids) reduces 
their content [18-45] and disrupts energy transfer in light-harvesting 

antennae. Metals are damaging the structure and function of the 

chlorophyll a [46]. Photosynthetic pigments were found to be reduced 
under the excessive concentrations of Hg [47], Cu [48], Cr [49], Ni [50], 

Cd [51]. 

Effect of heavy metal toxicity on PS II 

The photosynthetic apparatus including photosystem II (PSII) is 

particularly sensitive to heavy metals [52]. Though both Cu at an 

equimolar concentration to PSII RC [53]. Electron transport between 
Pheo and QA was impaired in PSII core and RC particles by Cu (80 mM) 

treatment [54]. Yruela et al., [55] showed that <230 Cu (II) or PSII RC, 

which inhibited O2 evolution and variable chlorophyll a fluorescence 
around 50%, did not affect the polypeptide composition of PSII, and 

only higher copper concentration (300 mM, Cu(II)/PSII RC ¼ 1400) 

caused the release of OEC polypeptides. Thermo luminescence 
measurements identified the electron transport between QA and QB as the 

site of action of Ni, Zn, and Co in isolated thylakoids [56]. It catalyses 

the light-driven reduction of plastoquinone by electrons from water 
which is oxidized to molecular oxygen [57]. Heavy metals are known to 

interfere with a variety of photochemical functions at multiple sites [58]. 
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Table 2: Metals toxic effects in photosynthetic process of cyanobacteria/ plant 

 

Metal Toxic Effects Reference 

As As (as arsenate) is an analogue of phosphate and thus interferes with essential cellular processes such as oxidative phosphorylation 

and ATP synthesis 

[59] 

Cu Disturbance in the thylakoid membrane functions and chloroplast structure  
Inhibits photosynthetic electron transport activity on both PSI and PSII 

[45] 
[60] 

Fe Impairs photosynthetic electron transport Induces oxidative stress [61] 

Mn  
 

 

Reduces activity of  RUBP carboxylase 
Inhibits chlorophyll biosynthesis 

Reduces net photosynthetic rate (PN) 

[62] 

Ni Inhibit seed germination, plant growth, mitotic activities, 
Chlorophyll degradation, chlorosis, necrosis and wilting & 

interfere with photo-system activity 

[63] 
[64] 

Zn Decreases total chlorophyll content and Chl a/b ratio 
Inhibits CO2 assimilation; Decreases activity of oxygen evolving compelex (OEC); disturbances the Calvin cycle and photosystem 

activities 

[65] 
[66] 

[67] 

The PS II supported electron transport activity is more susceptible to 

heavy metal like Cr [68]. Horcsik et al., [69] showed the alteration in PS 

II photochemistry in heavy metal (Cr) treated green algae. Under in vitro 
conditions, the above-mentioned donors are unable to restore the PS II 

activity [15]. The above studies indicate that PS II reaction center could 

be the target for heavy metal action [15]. Excess concentrations of HM 
impact electron transport on the acceptor side of PS II and may inhibit 

electron transport between PSII and PSI due to the effects on membrane 

lipids [70]. Some researchers have reported to a photosynthetic 
functional complex of photosystem II was very sensitive to Cd2+ ions. 

Water splitting complex 

The loss of PS II catalyzed electron transport activity is due to the 
alterations in the water oxidation complex (WOC) [15]. PS II activity 

undergoes gradual decrease because of the destruction of D1 protein of 

PS II under Cr stress [71- 15]. 

Effect of heavy metal toxicity on PS I 

The inhibitory effect of metals on reducing side of PSI electron transport 

system has been reported in algae and plants by various authors. 
Photosystem I catalyzed electron transport is less sensitive compare to 

that of PS II. PS I activity can be affected at the oxidizing site of Hg. 

Other possible sites for inhibition of Hg are reaction center of PS I, Fd, 
FNR and Fe-S centers [72-73].  

Effect of heavy metal toxicity on Cytochrome b6f Complex  

The Cyt b6f complex has also been suggested as an inhibitory site. The 
electron transport activity is also decreased due to the substitution of 

heavy metal in PCy and Cyt b6f complex Cu: [74]; Ag: [75]. 

Effect of heavy metal toxicity on ATP synthase 

According to the literature, chloroplast of ATP synthase/ATPase activity 

is decreases   under Cd2+ ion toxicity [76]. 

Effect of heavy metal toxicity on photosynthetic enzymes 

Chlorophyll biosynthetic enzymes of photochlorophyllide reductase 

under heavy metal toxicity [77], ALA dehydrogense [78]. Inhibition of 
enzyme activity by the low or high concentration of metal ions i.e, Hg, 

Pb, Zn, Ni, Cu and Cd. From in vitro experiments, at least two potential 

metal sensitive sites can be derived in the photosynthetic electron 
transport chain: the water splitting enzymes at the oxidising side of PSII 

and NADPHoxidoreductase at the reducing side of PSI [65]. 

Effect of heavy metal on photophosphorylation 

Under heavy metal stress between two types of phosphorylations, non 

cyclic phosphorylation was more susceptible than cyclic phosphorylation 

[79]. But under Cu stress both phosphorylations were inhibited at 
relatively under high concentrations. 

Molecular targets of heavy metal toxicity 

Certain forms of the heavy metals arsenic and chromium are considered 
human carcinogens, although they are believed to act through very 

different mechanisms. Chromium (VI) is believed to act as a classic and 

mutagenic agent, and DNA/chromatin appears to be the principal target 
for its effects. In contrast, arsenic (III) is considered nongenotoxic but is 

able to target specific cellular proteins, principally through sulfhydryl 

interactions. Inhibition of transcription process by induces of heavy 
metal (Hg). Hg, Pb, Cd and As metal ions are damage DNA during 

replication process. Heavy metals Hg, Pb and Cd are reduce the process 

of protein synthesis. 

 

Fig. 1: Heavy metal induced oxidative stress and related cellular processes. 
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Scavenging of Reactive Oxygen Species 

Heavy metals may enhance the generation of ROS (Reactive Oxygen 
Species) such as O2-, OH-, H2O2, and O2-. ROSs are regarded as the 

main source of damage to cells under the biotic and abiotic stresses [80-

81]. ROSs are highly cytotoxic and can seriously react with vital 
biomolecules such as lipids, proteins, nucleic acid, these can cause lipid 

peroxidation, protein denaturation and DNA mutation [81,82]. Cu being 

a transitional element at higher concentration causes oxidative stress in 
cells by generating reactive oxygen species. Higher concentration of Cu 

can interrupt the electron flow during photosynthetic and respiratory 

processes and thus induces the generation of ROS. Cu can also induce 
the formation of highly reactive hydroxyl radical (OH-) from superoxide 

radical (O2-) or hydrogen peroxide (H2O2) via Habere Weiss reaction 

(Fig: 1). Cyanobacteria protective mechanism against heavy metal 
poisoning 

Many techniques have been developed to remove the heavy metals from 

contaminated water, including: reverse osmosis, electrophoresis, ultra-
ion exchange, chemical precipitation, phytoremediation, etc. 

Detoxification of Heavy metals 

Detoxification is the process of neutralizing or elimination of toxic 
metals in the environment. Heavy metals are severe environmental 

pollutants, and many of them are toxic even at very low concentrations. 

Detoxification is the process of neutralizing or elimination of toxins in 
the body. Heavy metal detoxification, is the removal of 

metallic toxic substances from the environment. Phytochelatins (PCs) 

and Metallothioneins (MTs) are different classes of heavy metal-binding 
protein molecules. Which are assumed to play an important role in the 

detoxification of Cd2 + and in the tolerance [83-84]. These are played a 
vital role in heavy metal (Cd2+) detoxification process [85]. Torres et al., 

[86] demonstrated that algae Cylindrothica fusiformis produce 

carbohydrate as a defense mechanism against copper toxicity in 
stationary phase. 

Metallothioneins (MTs) 

Metallothioneins are thought to play an essential role in the intracellular 
regulation of the trace elements zinc and copper. MTs are gene-encoded 

polypeptides low molecular weight (6-7 kDa) and cysteine rich proteins 

divided into three different classes on the basis of cysteine content and 
structure.  

Class 1: Polypeptides with locations of cysteine closely resembling those 

of equine renal MT, such as those isolated from Neurospora crass a and 
Agaricus bisporus.  

Class II: Polypeptides with locations of cysteine only distantly related to 

those in equine renal MT, such as those isolated from Saccharomyces 
cerevisiae and Synechococcus TX-20.  

Class III: Nontranslationary-synthesized metal-thiolate polypeptides 

isolated from higher plants, the fission yeast Schizosaccharomyces 

pombe and eukaryotic algae. 

Phytochelatins (PCs) 

Phytochelatins are enzymatically synthesized peptides, these are small 
glutathione-derived, enzymatically synthesized peptides, which bind 

metals and are principal part of the metal detoxification system in plants 

and algae [87-88]. PCs were isolated in 1988 from several "eukaryote" 
green algae exposed to heavy metal ions. 

CONCLUSIONS 

Cyanobacteria are predominantly aquatic organisms that must be able to 
discriminate between essential and non-essential heavy metal ions. In 

addition, they must maintain nontoxic concentrations of these ions inside 

their cells by phytochelatins. 
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