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Abstract: Enhanced ultraviolet radiation (UVR) in the atmosphere and increased salinity of soils and 

water adversely affect photoautotrophs' productivity. Several researchers have focussed on the use of 

non-arable or brackish environments for growing strains suitable for the production of value-added 

products along with biofuels. In this regard, cyanobacteria serve as good model organisms as they can 

survive and sustain themselves in habitats characterized by high UV influx and changing salinities. 

Thus, these photoautotrophs can help understand the complex physiological processes and adaptations 

occurring in higher plants growing in stressed environments of salinity and UVR. In the present 

investigation, cumulative effects of salinity (NaCl: 50, 100, and 200 mM), photosynthetically active 

radiation (PAR), and UVR have been studied in terms of the reactive oxygen species (ROS) generation, 

total protein content, phycobiliproteins profile, and induction of scytoneminin in the two cyanobacteria 

isolated from different habitats. Production of ROS increased after PAR+UV-A+UV-B, PAR+UV-A, 

and PAR exposure, and maximum generation occurred in the samples treated with 200 mM NaCl. Total 

protein content and phycobiliproteins profile was severely affected by these stresses. The maximum 

induction of scytonemin occurred in the cultures with 200 mM of NaCl and PAR+UV-A+UV-B 

exposure for 72 h. Our results indicate that Scytonema sp. could serve as a potential candidate for 

bioremediation of saline soils along with the production of value-added metabolite scytonemin. 
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1. Introduction 

Cyanobacteria, the prokaryotic photoautotrophs found in almost every plausible habitat 

on Earth, originated in the Precambrian era during the ozone-less environment. As a result of 

continued thinning of the stratospheric ozone layer from the atmospheric pollutants released 

anthropogenically, the influx of ultraviolet radiation (UVR) on the Earth's surface has 

increased, exposing these photoautotrophs to the lethal doses of UVR in their natural habitats 

[1,2]. UV-B is absorbed by biomolecules such as proteins, nucleic acids, and lipids and 
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ultimately results in harmful effects on the biological systems [3-7]. UVR affects several 

physiological and metabolic processes in cyanobacteria, such as growth, survival, 

pigmentation, motility, photosynthetic oxygen production, N2 uptake, CO2 uptake, and 

phycobiliprotein (PBP) composition [6, 8-12]. However, cyanobacteria have developed several 

strategies for their protection and biosynthesis of UV-screening pigment scytonemin is one of 

the several defense mechanisms evolved by cyanobacteria to counteract the damaging effects 

of UVR [13-21]. Photoprotective metabolite scytonemin significantly absorbs lethal UVR 

[22,23]. 

Salinity is a crucial historical factor that influences the life span of agricultural systems. 

Cyanobacteria have been used in reclaiming saline soils due to their salt stress tolerance [24-

26]. The extant cyanobacteria serve as good model organisms for studying the molecular 

mechanism of salt tolerance in higher plants and their physiology [27]. Cyanobacteria can be 

used as a tool for reclamation of Usar soils as they convert the Na+ clay to Ca2+ clay by 

conserving the organic C, N, and P as well as moisture and forming a thick stratum on the soil 

surface [28]. They secrete oxalic acid and solubilize nutrients from insoluble carbonate 

nodules. Hence, they improve the physicochemical quality of sodic soils, such as soil 

aggregation, by lowering the electrical, hydraulic conductivity, and pH [29]. The physiological 

basis of the salt tolerance of cyanobacteria has been studied to some extent but is still not fully 

understood [6, 21]. 

During stressful conditions, toxic reactive oxygen species (ROS) production occurs in 

the cells [30,31]. Salinity stress increases ROS generation, which affects photosynthetic 

pigments and important biomolecules such as nucleic acids and proteins [32,33]. In salt-

tolerant cyanobacteria such as Euhalothece sp. and Synechocystis PCC 6803, salt-induced 

effects have been studied extensively [34-36]. In cyanobacteria, in response to stressful 

conditions, the function and composition of PBPs also get changed [37]. Several physio-

biochemical processes such as photosynthesis, nitrogen assimilation, lipid metabolism, and ion 

homeostasis are adversely affected by salinity [27]. Due to salt stress, a decrease in 

phycocyanin (PC) content has been observed, thereby interrupting the transfer of energy from 

PBPs to the PS-II reaction center[38-41]. In Spirulina platensis decrease in the transfer of 

energy from allophycocyanin to PSII was observed on the addition of NaNO3, NaCl, and 

NaHCO3 [42]. In several cyanobacteria, UVR causes disassembly of phycobilisomal complex 

and a decrease in the PBP content [10]. Due to their water-soluble property, PBPs seem to be 

the most sensitive pigments to UVR [43]. It was found that the accessory pigment PC (λmax 620 

nm) bleached more rapidly in comparison to carotenoids (λmax 485 nm) or Chl a (λmax 437 and 

672 nm), suggesting that the primary target of UVR are proteinaceous pigments [44-45]. 

Scytonemin has been isolated from more than 300 cyanobacteria and is a lipid-soluble, 

highly stable, yellow-brown pigment present in their extracellular polysaccharide sheaths [18]. 

It is composed of a dimer of phenolic and indolic subunits linked through an olefinic carbon 

atom, which makes it unique among different natural products [18, 22]. Scytonemin 

biosynthesis is affected under different stress conditions such as oxidative stress, UVR, osmotic 

stress, and heat [46]. Its production was significantly influenced by changes in salt 

concentrations, and different salinity levels also affected the formation of different forms of 

scytonemin, as observed in Lyngbya aestuarii [47]. Besides photoprotection, scytonemin 

performs multiple functions, and several workers have established its biotechnological utility 

[48-50]. In cyanobacteria, induction and biosynthesis of the pigment scytonemin could be one 

of the several strategies of survival adopted by these organisms during salinity stress. 
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Regulation of scytonemin induction occurs via a complex stress response pathway as multiple 

environmental signals influence its biosynthesis. Much study has been done on the effect of 

light quality on scytonemin biosynthesis [51-53]. Production of scytonemin in sheathed 

cyanobacteria constitutes a crucial adaptive strategy of protection against lethal UVR [54,55]. 

The impact of other stresses such as salinity on its synthesis still needs thorough study. Hence, 

in this study, we have attempted to investigate the cumulative effects of salinity and UVR on 

some physiological processes in the two cyanobacteria isolated from different habitats and their 

effects on scytonemin biosynthesis. 

2. Materials and Methods 

2.1. Experimental organisms and growth conditions. 

For experiments, laboratory-grown cultures of Nostoc sp. strain HKAR-2, isolated from 

the hot springs of Rajgir, Bihar, India (25°2′0″N, 85°25′0″E) [56], and Scytonema sp. isolated 

from the rooftop of Department of Botany, Banaras Hindu University, Varanasi, India, 

(25°15′51.89″N, 82°59′42.05″E) were used. Standard taxonomic keys and monographs were 

used for identification of both the cyanobacteria [57-58], and Nostoc sp. strain HKAR-2 

(accession number: FJ939126) was previously identified by 16SrRNA gene sequencing [56]. 

Scytonema sp. is filamentous, sheathed, and heterocystous cyanobacterium, which grows 

autotrophically and has pseudo branching in its filaments. Nostoc sp. strain HKAR-2 is 

characterized by a frothy thallus, circinate, gelatinous, non-sheathed trichomes with ellipsoidal 

cells and is a heterocyst-forming cyanobacterium. Standard microbiological techniques were 

used for culturing cyanobacteria [59]. BG-11 medium [60] without nitrogen supplementation 

was used for growing the axenic cultures of the cyanobacteria at 20±2 °C with a 14/10-h 

light/dark cycle illuminated with cool white fluorescent tubes (PhilipsTL 40 W/54, India) 

having an irradiance of 12±2 Wm-2 at the surface of the vessels. The subculturing of 

cyanobacterial cultures was done at regular intervals, and the cultures were hand-shaken five 

times daily to avoid contamination. Log phase cultures having an initial optical density of 0.5 

at 750 nm were used for performing experiments. 

2.2. Set up for UV irradiation and salinity stress. 

A UV-chamber was used for exposing the cyanobacterial samples to artificial UVR in 

open glass Petri dishes which was fitted with Osram L 36 W/ 32 Lumilux de luxe warm white 

and radium NL 36 W/26 Universal white tubes (Osram, Munich, Germany) for 

photosynthetically active radiation (PAR), ultraviolet-B TL 40 W/12 fluorescence tubes (Cat 

No. G15T8E, Sankyo Denki, Japan), emitting its main output at 312 nm and ultraviolet-A TL 

15 W fluorescence tubes (Philips ACITINIC BL 15W   UVA  tubes), emitting its main output 

at 365 nm for UVR treatment. To get the desired radiation intensity, the distance of the 

cyanobacterial sample was adjusted accordingly from the PAR and UV-tubes in the chamber 

and cultures were simultaneously irradiated with PAR during UV treatment. Homogeneous 

cultures (800 mL) of cyanobacteria with varying concentrations of NaCl (50, 100, and 200 

mM) in the culture media were exposed to UVR and PAR in sterile open Petri dishes for the 

time intervals of 12, 24, 36, 48, 60 and 72 h. Petri dishes containing cyanobacterial samples 

were covered with 395, 320, and 295 nm cut-off filter foils (Ultraphan; Digefra, Munich, 

Germany) to ensure PAR, PAR+UV-A (PA), and PAR+UV-A+UV-B (PAB) exposure, 

respectively. The intensities of UV-B, UV-A, and PAR were 0.56, 6.5, and 14±2 Wm-2, 
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respectively. During the entire duration of exposure, the temperature was maintained at 25±2 

°C. An equal amount of cells were removed from each Petri dish after 12, 24, 36, 48, 60, and 

72 h of continuous exposure and analyzed for physiological parameters such as ROS formation, 

total protein content, PBPs profile, and scytonemin induction. To avoid self-shading of the cells 

and heating effects, the cultures were shaken at regular intervals during the exposure. 

Cyanobacterial samples irradiated with PAR served as control. 

2.3. Detection of in vivo ROS generation using 2’,7’-dichlorodihydrofluorescien diacetate 

(DCFH-DA). 

For detection of in vivo generation of ROS, DCFH-DA was used, which gets oxidized 

to 2’,7’-dichlorofluorescien (DCF) in vivo and is highly fluorescent [61-64]. After the desired 

duration of treatments, 10 µL of DCFH-DA (final concentration 5 µM) solubilized in ethanol 

was added to the cyanobacterial cultures followed by incubation of samples in the dark on a 

shaker at room temperature for 1h. Thereafter, the fluorescence spectroscopy of cyanobacterial 

samples was carried out to determine DCF with 485 nm as an excitation wavelength and an 

emission band between 500-600 nm.  

2.4. Protein estimation. 

The method of Lowry et al. [65] was followed for determining the protein content of 

the cyanobacterial samples.  

2.5. Extraction of phycobiliproteins. 

The PBPs were extracted from treated cyanobacterial samples by the method of Sinha 

et al. [44]. Cells were harvested by centrifugation (1500×g for 10 min) at room temperature 

and were washed twice with 0.75 M potassium phosphate buffer (pH 7.0). The cells were then 

resuspended in a minimum amount of the same buffer, and 1 mM 

phenylmethanesulfonylfluoride (PMSF), 5% (w/v) sucrose, and 10% (w/v) EDTA was added. 

With the help of mortar and pestle, cells were disrupted, and repeated cycles of freeze-thaw 

was carried out for extraction of PBPs. After removal of cell debris by centrifugation at 

15,000×g for 30 min, the supernatant was stored. The pellet was washed repeatedly with 

potassium phosphate (50 mM) buffer till it became colorless. The pooled supernatant was 

considered as PBPs (partially purified). Absorbance spectra of PBPs were recorded by UV-Vis 

double beam spectrophotometer (U-2910, 2J1-0012, Hitachi, Tokyo, Japan) with a 1 cm path 

length. Phycoerythrin (PE) and PC absorb at 563 and 615 nm, respectively. 

2.6. Extraction and partial purification of scytonemin. 

Photoprotective cyanobacterial pigment, scytonemin, were screened to determine the 

most suitable wavebands and the range of salinity (NaCl) for their induction and biosynthesis. 

Extraction of scytonemin was done from the cyanobacterial samples in 1:1 (v/v) methanol:ethyl 

acetate by incubating them overnight at 4 °C followed by sonication (2011-Sonic, cycle 30%, 

Power 40%) for 4 min. This was followed by centrifugation (10,000g) for 5 min, and the 

resulting supernatants were evaporated through a vacuum evaporator at 38 °C, and the 

remaining residues were re-dissolved in 500 μL of 1:1 (v/v) methanol:ethyl acetate. The 

samples were subjected to HPLC analyses after filtering them through 0.22 μm pore-sized 

sterilized microcentrifuge syringe-driven filters. HPLC system (Waters 2998, Photodiode 
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Array, pump L-7100, USA) which was equipped with a Licrospher RP 18 column and guard 

(5 μm packing; 250 mm x 4 mm inside diameter) was used for purification of scytonemin. An 

auto-injector (Waters 717 plus autosampler) was used for injecting scytonemin samples (10 

μL) into the HPLC column. A flow rate of 1.0 mL min-1 was used for elution using the mobile 

phase of solvent A (ultra-pure water) and solvent B (acetonitrile-methanol-tetrahydrofuran, 

75:15:10, v/v). The elution program of 30 min gradient was set with 0-15 min linear increase 

from 15% solvent A to 100% solvent B, and 15-30 min at 100% solvent B with detection 

wavelength set at 376 nm and PDA scan wavelength ranging from 250-750 nm. Identification 

of scytonemin was made by its characteristic absorption maxima corresponding to the 

appropriate retention time (RT) [22]. Absorbance (O.D.) values at 386 nm were used for 

comparing the levels of scytonemin induction in different treatments. 

2.7. Statistical analysis. 

All the experiments were performed in triplicates. Results have been presented as mean 

values of three replicates. Statistical analyses were performed through a one-way analysis of 

variance. Once a significant difference was detected, the post hoc test Tukey test was done. For 

all tests, the level of significance was set at 0.05. 

3. Results and Discussion 

3.1. Effects of UVR and salinity on reactive oxygen species (ROS) generation. 

The generation of ROS was studied in the two cyanobacteria, namely Nostoc sp. strain 

HKAR-2 and Scytonema sp. under various combinations of PAR, UVR, and salinity by ROS 

sensitive probe DCFH-DA (Figure 1).  The spectrofluorometry intensity data show that ROS 

generation increased significantly (P<0.05) in Nostoc sp. strain HKAR-2 reached up to 9.6 

folds after 72 h in PAB as compared to control in 50 mM NaCl concentration. In PA and PAR 

the increase was of 7.1 and 6 folds, respectively (Figure 1). A similar trend was observed in 

Scytonema sp. also. Here, the increase was 10.5, 6.6, and 5.9 folds in PAB, PA, PAR, 

respectively (Figure 1) till 60 h of exposure in 50 mM NaCl concentration followed by a 

decrease in all light regimes. It was observed that in samples placed in PAR, ROS generation 

increased significantly with increasing duration of treatment and 100 and 200 mM dose of NaCl 

up to 60 h of exposure in Nostoc sp. strain HKAR-2, but afterward, fluorescence signals in 

filaments started decreasing till 72 h which might be due to cell death because of high dose of 

salinity. Scytonema sp. showed a similar trend but fluorescence signals were less as compared 

to Nostoc sp. strain HKAR-2 in 200 mM of salt dose (Figure 1). In all treated samples, 

fluorescence signal started appearing with increasing duration of exposure and increased 

continuously up to 48 h in 200 mM of salt concentration. A similar pattern was observed in 

Nostoc sp. strain HKAR-2. Overall, in both the studied cyanobacteria, fluorescence signals in 

PA were higher than PAR. Fluorescence signals were more prominent in Nostoc sp. strain 

HKAR-2. However, in PAB, fluorescence signals started developing from 12 h and increased 

continuously with increasing duration of PAB exposure until 60 h of treatment. However, in 

Scytonema sp., lower fluorescence intensity was observed in comparison to Nostoc sp. strain 

HKAR-2 (Figure 1). 
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Figure 1. Reactive oxygen species generation in Nostoc sp. strain HKAR-2 (upper panel) and Scytonema sp. 

(lower panel) under photosynthetically active radiation (PAR), PAR+UV-A, and PAR+UV-A+UV-B in 50, 100, 

200 mM concentration of NaCl, respectively. Results are expressed as means of three replicates. 

3.2. Effects of UVR and salinity on total protein content. 

Total protein content increased significantly (P<0.05) with increasing duration of PAR 

in 50 mM salt concentration in both the cyanobacteria (Figure 2).  

 
Figure 2. Effect of NaCl in combination with photosynthetically active radiation (PAR), PAR+UV-A, and 

PAR+UV-A+UV-B on total protein contents of Nostoc sp. strain HKAR-2 (upper panel) and Scytonema 

sp.(lower panel) after varying duration of exposure. Results are expressed as means of three replicates. Vertical 

bars indicate the standard deviation of the means. 
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However, an increase in protein content was maximum at 36 and 48 h of PA treatment 

in Nostoc sp. strain HKAR-2 and Scytonema sp. respectively in 50 mM of NaCl treatment. In 

PAB, protein content increased till 36 and 48 h of treatment in Nostoc sp. strain HKAR-2 and 

Scytonema sp. respectively. In 100 mM salt treatment, protein content increased till 36 h of 

PAB treatment in both the cyanobacteria (1.51 and 2 folds) followed by a significant decline 

(P<0.05) till 72 h (0.9 fold and 1 fold) (Figure 2). In the case of 200 mM salt concentration, 

protein content increased with increasing PA and PAB treatment duration, followed by a 

decrease until 72 h of exposure. 

3.3. Effect of UVR and salinity on phycobiliproteins content. 

In 50 mM NaCl, initially, there was a slight decrease in the absorption of PE (Figure 

3a) after 12 h of exposure to PAR in Nostoc sp. strain HKAR-2 with no significant difference 

(P>0.05). The same absorption significantly (P<0.05) declined to about 45% between 48 and 

72 h of PAR exposure.  

 
Figure 3a. Absorption spectra showing the effect of 50 mM NaCl in combination with photosynthetically active 

radiation (PAR), PAR+UV-A and PAR+UV-A+UV-B on phycobiliproteins profile of Nostoc sp. strain HKAR-

2 (upper panel) and Scytonema sp. (lower panel) after varying duration of exposure.  

The absorption of PE declined up to 85% with significant (P<0.05) differences between 

36 and 72 h of PA and PAB exposure. In Scytonema sp., the absorption of PE was slightly 

enhanced with no significant (P>0.05) difference up to 12-24 h PAR exposure; however, 

thereafter, it declined to 50% in 72 h exposure of PAR (Figure 3a). Upon 72 h of PAB exposure, 

more than 82% loss was recorded in PE with significant (P<0.05) differences. Similarly, 

exposure of PA and PAB showed a significant (P<0.05) reduction (up to 70%) in absorption in 

PE. PC also significantly (P<0.05) declined (up to 35%) between 36 and 72 h exposure of PAR 

in Nostoc sp. strain HKAR-2. However, PC declined (up to 75%) after 72 h of PA and PAB 
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irradiation.  In PAB exposure, PC declined slightly up to 12 h with no significant difference 

(P>0.05) thereafter, it declined (85%) with a significant (P<0.05) difference up to 72h. The 

absorption of PC declined more (up to 45%) after 72 h of PAR in Scytonema sp. as compared 

to Nostoc sp. strain HKAR-2 (Figure 3a). Similarly, upon PA and PAB exposure, there was a 

significant (P<0.05) decline in PC absorbance up to 92 and 82%, respectively, in Scytonema 

sp. (Figure 3a). 

In 100 mM NaCl, initially, there was a slight decrease in the absorption of PE (Figure 

3b) after 12 h of exposure to PAR in Nostoc sp. strain HKAR-2. The same absorption 

significantly (P<0.05) declined to about 55% between 48 and 72 h of PAR exposure. The 

absorption of PE declined up to 70% with significant differences (P<0.05) between 36 and 72 

h of PA and PAB exposure. In Scytonema sp., the absorption of PE was slightly enhanced with 

no significant difference (P>0.05) up to 12-24 h PAR exposure; however, it declined to 75% 

in 72 h of PAR exposure (Figure 3b). Upon 72 h of PAB exposure, more than 75% significant 

loss was recorded in PE content. Similarly, exposure of PA and PAB showed a significant 

(P<0.05) reduction (up to 75%) in absorption in PE. PC also declined significantly (P<0.05) 

(up to 70%) between 36 and 72 h exposure of PAR in Nostoc sp. strain HKAR-2. However, 

PC declined (up to 90%) after 72h of PA and PAB irradiation.  In PAB exposure, PC declined 

up to 12 h with no significant difference (P>0.05), after that, it declined significantly (P<0.05) 

(95%) up to 72 h. The PC content declined more (up to 70%) after 72h of PAR in Scytonema 

sp compared to Nostoc sp (Figure 3b). Similarly, upon PA and PAB exposure, there was a 

significant (P<0.05) decline in PC absorbance up to 88 and 78%, respectively, in Scytonema 

sp.(Figure 3b). 

 
Figure 3b. Absorption spectra showing the effect of 100 mM NaCl in combination with photosynthetically 

active radiation (PAR), PAR+UV-A, and PAR+UV-A+UV-B on phycobiliproteins profile of Nostoc sp. strain 

HKAR-2 (Upper panel) and Scytonema sp. (lower panel) after varying duration of exposure.  
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Initially, there was a slight increase in the absorption of PE (Figure 3c) after 12 h of 

exposure to PAR with 200 mM NaCl in Nostoc sp. strain HKAR-2. The same absorption 

significantly declined (P<0.05) to about 35% between 48 and 72 h of PAR exposure. The 

absorption of PE declined up to 85% with significant differences (P<0.05) between 36 and 72 

h of PA and PAB exposure. In Scytonema sp., the absorption of PE slightly enhanced up to 24 

h PAR exposure; however, thereafter, it declined to 70% till 72 h of PAR exposure (Figure 3c). 

Upon 72 h of PAB exposure, significant (P<0.05) loss of more than 92% PE was recorded. 

Similarly, exposure of PA and PAB showed a significant (P<0.05) reduction (up to 90%) in 

absorption in PE. PC also declined significantly (P<0.05) (up to 80%) from 36 to 72 h exposure 

of PAR in Nostoc sp. strain HKAR-2 (Figure 3c). However, PC declined (up to 75%) after 72 

h of PA and PAB irradiation.  In PAB exposure, PC declined slightly up to 12 h with no 

significant difference (P>0.05), but thereafter, it declined significantly (P<0.05) (75%) with a 

difference up to 72 h. The absorption of PC declined up to 35% after 72 h of PAR treatment in 

Scytonema sp. which was more as compared to Nostoc sp. HKAR-2 (Figure 3c). Similarly, 

upon PA and PAB exposure, there was a significant (P<0.05) decline in PC absorbance, i.e., 

up to 77 and 69%, respectively, in Scytonema sp. 

 
Figure 3c. Absorption spectra showing effect of 200 mM NaCl in combination with photosynthetically active 

radiation (PAR), PAR+UV-A and PAR+UV-A+UV-B on phycobiliproteins profile of Nostoc sp. strain HKAR-

2 (Upper panel) and Scytonema sp. (lower panel) after varying duration of exposure.  

3.4. Induction of scytonemin under combined stress of salinity and UVR. 

In the present study, attempts have been made to compare the scytonemin induction in 

the two cyanobacteria isolated from two different habitats under UVR and varying 

concentrations of NaCl (50, 150, and 200 mM). Exposure of the two strains to UVR and 

different doses of salinity resulted in scytonemin induction in Scytonema sp. only. No induction 
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of scytonemin was reported in Nostoc sp. strain HKAR-2 in the given experimental conditions. 

Spectroscopic analysis and HPLC revealed the presence of a scytonemin (λmax=386±2 nm) at 

the RT ranging between 2-4 min (Figure 4a, b). 

 
Figure 4. HPLC chromatogram of partially purified scytonemin (a) and their corresponding absorption 

spectrum (b) from Scytonema sp. at 36 h of PAR+UV-A+UV-B and 200 mM concentration of NaCl treatment. 

Induction of scytonemin was more pronounced under PAB treatment than PA or PAR 

alone. NaCl also affected induction of scytonemin in a concentration-dependent manner, which 

was found to be maximum after 60 h of PAB treated samples, having 200 mM of NaCl (Figure 

5a-c). UVR damages cyanobacterial cells by ROS generation, cell vitality impairment, lipid 

peroxidation, protein destruction, and DNA damage [61, 66]. From our results, it could be 

concluded that as ROS generation increased, scytonemin induction also increased significantly 

(P<0.05). Several reports have shown that the deleterious effects of UVR are mediated via the 

production of ROS [5, 7, 64], and here also it was observed that ROS generation increased 

upon exposure to stresses such as cumulative stress of salinity, UVR, and PAR. Under normal 

(unstressed) conditions, the ROS produced to serve as signaling molecules for various 

metabolic processes. However, their generation increases several folds under stress conditions 

and causes oxidative stress and damage [61-63]. Exposure of both the cyanobacteria to UVR 

and salinity led to the generation of ROS. As the duration of exposure increased, ROS 

generation also increased in Scytonema sp. as well as Nostoc sp. strain HKAR-2. On exposure 

to UV-B radiation, the production of ROS takes place by interfering with electron carriers of 

the photosynthetic pathway [61]. Interaction of endogenous chromophores with incident long-

wavelength UVR results in the initiation of UV-A mediated oxidation reactions to cellular 

DNA [67]. ROS attack biomolecules such as DNA, lipids, and proteins, resulting in their 

A

B
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oxidation, which causes DNA damage, membrane damage, and protein modification. Hence, 

enhanced accumulation of ROS is very deleterious [61]. 

 

 
Figure 5. Induction of scytonemin during 12, 24, 36, 48, 60, and 72 h of exposure under photosynthetically 

active radiation (PAR), PAR+UV-A, and PAR+UV-A+UV-B exposure along with different concentrations of 

NaCl (a) 50 mM;(b) 100 mM;(c) 200 mM in Scytonema sp. The error bars denote standard deviations of means 

(mean±S.D., n=3). 

Enhanced production of ROS can destroy D1 protein and affect PSII reaction center, 

electron transport, and photon absorption [68]. Thus, photosynthesis in the photosystem gets 

inhibited [69], leading to the destruction of photosynthetic apparatus, DNA, and enzymes [61]. 

ROS were generated in response to UVR and salinity stress in both the cyanobacteria and were 

found to have multifold induction in the organisms treated with PAB and 200 mM salt 
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compared to non-treated cultures. Production of ROS increased after PAR, PA, and PAB 

treatment, and maximum generation was observed in the cyanobacterial cultures treated with 

200 mM concentration of NaCl.  

Proteinaceous pigments may seem to be the primary target of UVR [10]. Strong 

inhibition of PC by UVR has also been reported [70]. The strong damaging effect of UVR and 

salinity on PC might be due to its localization on the thylakoid's outer surface membrane, which 

makes it more prone to stresses. In the combined stress of UVR and salinity, the effect was 

more pronounced on PC content [10]. Scytonemin was induced under UVR only in Scytonema 

sp. However, its biosynthesis has been reported in several strains of cyanobacteria in response 

to UVR, which is accumulated in extracellular sheath [18, 20, 22, 51]. The role of scytonemin 

in the survival and protection of cyanobacterial communities exposed to intense solar radiation 

is now well established. Strong UVR bleaches and photo-oxidizes all types of photosynthetic 

pigments [71]. Scytonemin biosynthesis was low in the cells exposed to PAR and PA, 

suggesting that PAR and PA alone were less effective in inducing scytonemin in Scytonema 

sp. The increased biosynthesis of scytonemin under PAB exposure might be because of specific 

photoreceptors in the cells responsible for light (wavelength) dependent-biosynthesis of 

scytonemin. The effect of salinity was more pronounced after 12 h of treatment. PAB treatment 

along with NaCl (100 and 200 mM ) resulted in a significant increase (P<0.05) in scytonemin 

induction up to 72 h of treatment. Cultures having 200 mM NaCl showed multifold higher 

induction of scytonemin after 12, 24, 36, 48, 60, and 72 h of exposure. Our results showed that 

NaCl exhibited concentration-dependent effects on scytonemin biosynthesis, and 200 mM 

concentration of NaCl till 72 h of PAB treatment resulted in maximum scytonemin synthesis 

in the cyanobacterial cultures. 

The tolerance in Scytonema sp. to UVR and salinity could be explained due to the 

presence of a thick sheath. The sheath is supposed to be a site of production and accumulation 

of scytonemin and extracellular polymeric substances. Thus, it probably helps reduce UV 

penetration inside the cells [12-14, 18, 20, 22]. Nostoc sp. isolated from the hot-spring 

environment and Scytonema sp. from the rooftop showed the differential capability to survive 

under the prolonged UV stress and salinity due to different protection mechanisms. 

Biosynthesis of multipurpose secondary metabolite scytonemin in Scytonema sp. might help 

these organisms tolerate combined stress of UV and salt stress and other tolerance mechanisms. 

These cyanobacteria traits that help them survive against detrimental UVR need to be studied 

thoroughly for its possible utilization as strain useful for bioremediation of salt-rich soils. 

4. Conclusions 

Overall, it can be said that induction of scytonemin was more pronounced under PAB 

treatment than PA and PAR alone. NaCl affected scytonemin induction significantly in a 

concentration-dependent manner, and maximum scytonemin synthesis occurred after 60 h of 

PAB exposure along with 200 mM of NaCl treatment. Scytonemin content increased to 

approximately 6, 2, and 9 folds till 72 h of PAB treated samples having 50, 100, and 200 mM 

of NaCl in the culture medium, respectively. Protein content increased to 1.5-2 folds in both 

the cyanobacteria till 36 h of treatment, followed by a decrease on further treatment. PBPs 

profile reflected severe damage as a result of UVR and salt treatment. ROS formation increased 

many folds in response to the combined stress of salt and UVR. However, the generation of 

ROS was less in Scytonema sp. in comparison to hot spring isolate Nostoc sp. strain HKAR-2. 

These results suggest that in Scytonema sp. scytonemin induction plays an important role in 
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withstanding UVR and salinity stress, and these cyanobacteria could be utilized for 

bioremediation of saline soils along with the production of value-added metabolite scytonemin. 
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