


Lead and arsenic induced carotenoid responses in Calothrix species for environmental monitoring


ABSTRACT
Heavy-metal contamination can alter cyanobacterial physiology and pigment composition, making carotenoid responses potentially useful for environmental monitoring. This study evaluated time-dependent carotenoid responses in Calothrix sp., C. brevissima CCCNO:65, and C. maechica 19 following exposure to lead (Pb) and arsenic (As). Cultures were maintained in BG-11 medium under controlled light, temperature, and aeration conditions and exposed independently to 0, 2, or 5 ppm of each metal for six days. Carotenoid content was quantified spectrophotometrically at 450 nm, with measurements taken on Days 0, 3, and 6. The three cultures showed distinct temporal responses. In Calothrix sp., carotenoid content declined by Day 3 and partially recovered by Day 6, with Pb at 2 ppm approaching the control value. C. brevissima CCCNO:65 showed increases under both arsenic treatments by Day 3, and by Day 6 the As-treated values were higher than the control; Pb at 5 ppm also showed recovery after an earlier decrease. C. maechica 19 exhibited a different pattern, with Pb at 5 ppm increasing by Day 6 while As at 5 ppm declined to the lowest recorded Day 6 value. These findings show that carotenoid responses to Pb and As were culture-, dose-, and time-dependent. Carotenoid measurements may therefore provide a useful stress-responsive endpoint, although their interpretation for bioremediation or bioindicator applications requires additional physiological and metal-uptake measurements.
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INTRODUCTION
Rapidly expanding urban populations and industrial growth release heavy metals, sewage effluents, and organic toxins into water bodies. Although contaminated water is a more serious problem in some countries than in others, it is essentially a global issue (Javed & Mahmood, 2000). Toxic heavy metals have detrimental effects on aquatic animals, including plankton, aquatic plants, invertebrates, and vertebrates, even at very low concentrations (Atici et al., 2008). Cyanobacteria are a vast and diverse group of photosynthetic prokaryotes that are vital to global photosynthetic production. Cyanobacteria, a large and varied group of photosynthetic prokaryotes, are an important component of the world's photosynthetic productivity. This diverse group of microorganisms plays a major role in the fixation of atmospheric carbon through photosynthesis because cyanobacteria are components of both freshwater and marine phytoplankton. Ancient cyanobacteria are thought to have contributed to the creation of the Earth's oil reserves. Many cyanobacterial species are easier to genetically modify than eukaryotic algae and other photosynthetic organisms. Cyanobacteria occur in nearly every terrestrial and aquatic environment, including freshwater, oceans, bare rock, soil, and even Antarctic rocks. They may occur as planktonic cells or phototrophic biofilms (Quiblier et al., 2013). In freshwater and marine habitats, aquatic cyanobacteria are recognised for their large, conspicuous blooms. According to Sanità di Toppi and Gabbrielli (1999), the bioaccumulation of heavy metals in the aquatic food chain is extremely hazardous; therefore, their response to harmful metals is of considerable concern. According to Wang et al. (1998), biosorption and metabolism-dependent bioaccumulation are two mechanisms through which aquatic plants and microbes can extract metals from water.
Bioremediation is the use of biological organisms to remove dangerous contaminants from the environment (Kumar et al., 2011). Cyanobacterial biodiversity and its application in the treatment of domestic and industrial wastewater have received increasing attention in recent years (Bender & Phillips, 2004; Chen & Pan, 2005; Dubey et al., 2011; Gadd, 2004; Havens, 2008; Liu et al., 2010). Because some immobilised cyanobacteria can utilise phosphates, ammonia, and nitrogenous compounds, they may have greater potential than free cells. They are also capable of effectively accumulating metal ions such as Cr, Co, Cu, and Zn. Some researchers established laboratory-scale bioremediation of Yamuna water using Effective Microbes (EM) Technology (Shrivastava et al., 2015). To eliminate ROS, plants, algae, and several other organisms exhibit a variety of responses to metal toxicity, including the synthesis of carotenoids, glutathione, phenolics, and ascorbic acid (Pinto et al., 2003; Qian et al., 2011). Metal efflux, storage in vacuoles, and exclusion through complex formation with different ligands are examples of metal detoxification pathways (Andosch et al., 2012).
Because oxygenic photosynthesis can generate reactive oxygen species (ROS), cyanobacteria must continuously balance photosynthetic electron transport with antioxidant protection, and this balance can be further challenged by metal exposure (Latifi et al., 2009). Carotenoids are relevant to this response because they contribute to the structural and functional integrity of cyanobacterial photosystems and can participate in quenching excess excitation energy and reactive oxygen species (Sedoud et al., 2014; Zakar et al., 2016). Experimental work with cyanobacteria exposed to arsenic has shown that physiological effects vary with arsenic species, concentration, and exposure duration, including both inhibition and partial recovery of cellular functions (Bhattacharya & Pal, 2011; Patel et al., 2021a, 2021b). These observations support the use of time-resolved carotenoid measurements as a stress-responsive physiological endpoint, while also indicating that pigment changes should not be interpreted alone as direct evidence of metal removal or whole-cell tolerance.
Recent evidence supports the use of microalgal and cyanobacterial systems for wastewater treatment and heavy-metal management, including heavy-metal scavenging by Spirulina and Chlorella in textile effluent and wastewater-based Spirulina cultivation (Haque et al., 2024; Palanivel et al., 2022).
Studies focused more directly on cyanobacteria further indicate that heavy-metal remediation may involve biosorption and related cellular mechanisms, while exposure to Pb and As can alter growth and carotenoid production and heavy-metal contamination can constrain pigment-related applications in wastewater-grown biomass (Hossain & Okino, 2024; Lourembam et al., 2024; Thevarajah et al., 2023).
Within the scope of the present study, a direct comparison of carotenoid responses among Calothrix sp., C. brevissima CCCNO:65, and C. maechica 19 under the same lead and arsenic exposure conditions is needed to determine whether the temporal pigment pattern is shared or culture-specific.
Objective
Accordingly, the objective of this study was to evaluate and compare the carotenoid responses of Calothrix sp., C. brevissima CCCNO:65, and C. maechica 19 exposed to Pb and As at 2 and 5 ppm over a six-day period.
MATERIALS AND METHODS
 Strain, media and culture procedures
Name of the person who identified the strains: The strains Calothrix maechica 19 (NAIMCC-C-00006) and Calothrix brevissima (CCCNO: 65, NAIMCC-C-00048) were procured from NAIMCC, ICAR-NBAIM, Mau, while Calothrix sp. was procured from the University of Allahabad. The strains were verified by Dr Kirti Raje Singh, Phycology Laboratory, C M P Degree College, University of Allahabad.
Herbarium Details / Voucher specimens: Voucher specimens are not relevant. The National Agriculturally Important Microbial Culture Collection, ICAR-NBAIM, Mau, India, maintains the strains as live cultures under accession numbers NAIMCC-C-00006 and NAIMCC-C-00048.
Permissions: Not relevant. No wild collection was undertaken. The strains were obtained from a national culture collection that is open to the public.
The experiment was conducted using axenic stock cultures of different species of the cyanobacterium Calothrix that were obtained from ICAR-NBAIM and the University of Allahabad, Uttar Pradesh. The cultures were maintained under a 14:10 h light:dark period at 30 ± 2 °C and a light intensity of 5000 lux. For the metal treatments, seven-day-old cultures were centrifuged at 4,000 rpm for ten minutes, and the pellets were then resuspended in fresh BG-11 medium.
Chemicals and analytical methods
Analytical-grade compounds were utilised without additional purification. The experiment was conducted using deionised water. The sources of Pb2+ and As3+ were lead nitrate [Pb(NO3)2] and arsenic trioxide [As2O3], respectively. Before use, the stock solutions (1000 mg/L) were prepared and refrigerated at 4 °C. These stock solutions were appropriately diluted to prepare all working solutions. Optical density was measured using a spectrophotometer (UV-2102). Weighing was performed using a digital balance (Sartorins, BS 210 S).
Metal treatments
Toxicity tests were conducted independently for the two metals using 150 mL flasks. One hundred millilitres of algal suspension with varying initial metal concentrations (0, 2, and 5 ppm) was added to each flask. Under the previously described conditions, the suspensions were continuously homogenised on a rotary shaker at 100 rpm and cultivated for six days. OD750nm was initially set at 0.1.
Carotenoids: Carotenoids were determined using the Jensen technique (1978).
Procedure: The blue-green algal suspension was centrifuged for 20 minutes at 3000–5000 rpm. The algal pellet was washed twice with glass-distilled water. The washed algal pellet was then placed in a test tube with ten millilitres of acetone (Jensen, 1978). The test tube was covered with a cotton plug and subjected to repeated freezing and thawing while remaining in the freezer overnight. The tube was then removed from the freezer and kept at room temperature. After centrifugation of the extract, the supernatant was collected. A UV-visible spectrophotometer was used to measure absorbance at 450 nm against an acetone blank.
Calculation: The following formula was used to calculate total carotenoids.
Formula
Carotenoid C (μg/ml)  
Where C = the total amount of carotenoid in μg/ml. 
D = the absorption coefficient at 450 nm.
V = the volume of extract in ml. 
F = the dilution factor

Statistical analysis
The mean ± SD of three replicates (N = 3) was used to present the experimental values, whereas the mean ± SEM (N = 3) was used for the graphs. Using GraphPad Prism software, a two-way analysis of variance (ANOVA) was performed, followed by a least significant difference (LSD) test (P < 0.05).


Results
Table 1 Carotenoid content in Calothrix sp. in µg/ml. Values are means ± SD (n=3)
	Day
	Control
	Pb 2ppm
	Pb 5ppm
	As 2ppm
	As 5ppm

	Day0
	0.157±0.0012
	0.104±0.0004
	0.110±0.0008
	0.105±0.0006
	0.107±0.0006

	Day3
	0.098±0.0008
	0.090±0.0004
	0.083±0.0004
	0.086±0.0008
	0.103±0.0006

	Day6 
	0.121±0.0008
	0.117±0.0006
	0.101±0.0004
	0.106±0.0008
	0.109±0.0006



Table 2 Carotenoid content in Calothrix brevissima CCCNO:65 in µg/ml. Values are means ± SD (n=3)
	Day
	  Control
	   Pb 2ppm
	  Pb 5ppm
	     As 2ppm
	        As 5ppm      

	Day0
	            0.087±0.0006
	0.085±0.0010
	0.101±0.0008
	0.079±0.0006
	    0.073±0.0010

	Day3
	            0.090±0.0006
	0.092±0.0004
	0.073±0.0006
	0.107±0.0006
	    0.117±0.0004

	Day6
	            0.106±0.0004
	0.094±0.0006
	0.117±0.006
	0.110±0.0004
	    0.110±0.0013




Table 3 Carotenoid content in Calothrix maechica19 in µg/ml. Values are means ± SD (n=3)
	Day
	Control
	Pb 2ppm
	Pb 5ppm
	As 2ppm
	As 5ppm

	Day0
	0.141±0.0008
	0.097±0.0008
	0.082±0.0006
	0.095±0.0006
	0.085±0.0008

	Day3
	0.099±0.0006
	0.091±0.0006
	0.087±0.0006
	0.102±0.0006
	0.097±0.0006

	Day6
	0.094±0.0006
	0.084±0.0006
	0.114±0.0008
	0.091±0.0008
	0.082±0.0018





Figure 1  Effects of Lead, Arsenic on carotenoid content in Calothrix sp. in µg/ml. Values are means ± SEM (n=3)


Figure 2  Effects of Lead, Arsenic on carotenoid content in Calothrix brevissima CCCNO:65 in µg/ml. Values are means ± SEM (n=3)


Figure 3  Effects of Lead, Arsenic on carotenoid content in Calothrix maechica19 in µg/ml. Values are means ± SEM (n=3)
Carotenoid content was monitored over a 6-day period during exposure to lead (Pb) and arsenic (As) at concentrations of 2 ppm and 5 ppm.
In the case of Calothrix sp.
Control group: By Day 3, the control value had decreased markedly from its initial value, and by Day 6, it had partially recovered.
Lead (Pb) exposure: The "decrease-then-increase" pattern was observed in both the 2 ppm and 5 ppm Pb treatments. The 2 ppm Pb group showed a high degree of recovery by Day 6, almost matching the final value of the control group.
Arsenic (As) exposure: Compared with the control, arsenic exposure produced a more stable carotenoid profile.
In Calothrix sp., the Day 6 values show a near return of carotenoids under Pb at 2 ppm relative to the control, whereas the 5 ppm Pb and both As treatments remained numerically lower than the Day 6 control. A recovery-like pigment trajectory is compatible with the broader concept that cyanobacterial carotenoid pools can change during acclimation to stress and contribute to photoprotection, but carotenoid abundance alone does not establish the underlying mechanism (Canonico et al., 2021; Sedoud et al., 2014; Zakar et al., 2016). This observation is also consistent with evidence that Calothrix can exhibit strain-specific pigment plasticity under environmental stressors, emphasising the need to interpret the present pattern at the strain and exposure level rather than as a genus-wide response (Zammit et al., 2026).
In the case of Calothrix brevissima CCCNO:65
Control group: By Day 6, the control group's carotenoid content had increased steadily.
Lead (Pb) exposure: Carotenoid concentration increased slightly at 2 ppm Pb but remained below the control. A noticeable variation occurred at 5 ppm Pb; levels decreased markedly on Day 3 but increased rapidly on Day 6.
Arsenic (As) exposure: By Day 3, both arsenic concentrations (2 ppm and 5 ppm) caused a sharp increase in carotenoid levels. By Day 6, both As-treated groups (2 ppm and 5 ppm) had carotenoid concentrations higher than that of the control group.
For C. brevissima CCCNO:65, the increase in carotenoids under both As treatments by Day 3, followed by values above the Day 6 control, suggests a time-dependent pigment response rather than a simple monotonic toxicity pattern. Time-dependent arsenic studies in cyanobacteria have similarly reported that physiological inhibition and recovery can change across exposure intervals and between arsenite and arsenate conditions (Bhattacharya & Pal, 2011; Patel et al., 2021a, 2021b). The decrease under 5 ppm Pb at Day 3 followed by a higher value at Day 6 may also reflect delayed acclimation; however, Pb can impair cyanobacterial photosynthetic processes, so the pigment response should be interpreted together with independent measures of growth, photosynthetic efficiency, oxidative damage, and metal accumulation in future work (Dixit & Singh, 2015; Latifi et al., 2009).
In the case of Calothrix maechica 19
Control group: From Day 0 to Day 6, the control group's carotenoid levels decreased steadily.
Lead (Pb) exposure: On Day 0, carotenoid levels in the 2 ppm and 5 ppm Pb treatments were lower than those in the control. By Day 6, levels in the 2 ppm group had decreased further. Notably, after Day 0, the 5 ppm Pb group increased and reached its highest value on Day 6, exceeding the control value at the same time point.
Arsenic (As) exposure: Exposure to arsenic resulted in variations in carotenoid levels. At 2 ppm, the levels remained comparatively stable by Day 6. The 5 ppm As treatment showed a modest increase on Day 3, but by Day 6 it had declined to the lowest recorded value.
In C. maechica 19, the divergent Day 6 responses to Pb at 5 ppm and As at 5 ppm indicate that carotenoid dynamics were metal- and dose-dependent within the experimental period. The higher carotenoid value under Pb at 5 ppm is compatible with an inducible photoprotective response, whereas the lower value under As at 5 ppm may indicate that carotenoid maintenance did not keep pace with stress; neither interpretation, however, demonstrates tolerance without complementary physiological endpoints (Dixit & Singh, 2015; Latifi et al., 2009; Zakar et al., 2016). Arsenic studies in other cyanobacteria show that the balance between inhibition and recovery depends strongly on arsenic form, concentration, and exposure time, supporting a cautious interpretation of the present species-specific temporal pattern (Bhattacharya & Pal, 2011; Patel et al., 2021a).
Discussion
Calothrix sp. showed a capacity to stabilise pigment production following an initial decrease, as the metal-treated groups (particularly Pb at 2 ppm and As at 2 ppm) followed a recovery trajectory. This pattern may indicate that increased arsenic concentrations can induce a "maintenance mode" in Calothrix sp., reducing the early-stage accessory pigment degradation observed in the control. When exposed to Pb and As, C. brevissima showed increased carotenoid levels. This quantitative increase may represent a defence response to metal-induced oxidative stress. As antioxidants, carotenoids can help limit lipid peroxidation in photosynthetic membranes and quench singlet oxygen. The differences in carotenoid content suggest that Calothrix maechica experiences substantial physiological stress. It is noteworthy that, by Day 6, the 5 ppm Pb treatment increased carotenoid levels. This "rebound effect" may suggest an adaptive response of Calothrix maechica to lead stress over time. In contrast, the decrease in carotenoids under 5 ppm As by Day 6 suggests that higher arsenic exposure may be more detrimental to this species' pigment stability than lead. The decrease in carotenoids may compromise photoprotection and could be associated with slower growth and reduced photosynthetic efficiency.
Taken together, the three Calothrix cultures did not display a uniform carotenoid response to Pb and As. This heterogeneity is biologically plausible because carotenoid-mediated protection is embedded within a broader cyanobacterial oxidative-stress network and because pigment accumulation can be temporally staged during acclimation (Canonico et al., 2021; Latifi et al., 2009; Zakar et al., 2016). Direct work on Calothrix under non-metal environmental stress also demonstrates strain-specific changes in carotenoid production, supporting the interpretation that inter-strain differences in the present experiment should be treated as physiological variation rather than as evidence for a single genus-level tolerance strategy (Zammit et al., 2026).
Mechanistically, carotenoids may contribute to protection of the photosynthetic apparatus through energy dissipation, singlet-oxygen quenching, and stabilisation of photosystem-associated structures (Sedoud et al., 2014; Zakar et al., 2016). Nevertheless, published Pb and As studies in cyanobacteria show that metal stress can simultaneously affect growth, photosynthetic electron transport, and other biochemical processes, and the direction of response can change with dose and exposure time (Dixit & Singh, 2015; Patel et al., 2021a, 2021b). Accordingly, the present carotenoid data are most appropriately interpreted as evidence of differential stress responsiveness among the tested Calothrix cultures; confirmation of bioremediation capacity or bioindicator performance would require direct quantification of metal uptake/removal together with additional physiological and molecular endpoints.


Table 4 Species Primary Strategy
	Calothrix sp.
	Stability & Recovery

	Displayed a "V-shaped" curvature. Even though there were significant initial decreases, by Day 6 it had returned to control levels, particularly in Pb 2 ppm.


	C. brevissima CCCNO:65
	Induction & Stimulation
	Highly resilient. By Day 6, it was the only species in which metal treatments (Pb 5 ppm, As 2 ppm, and As 5 ppm) outperformed the control.

	C. maechica 19
	Sensitivity & Decline
	Most susceptible. The majority of treatments failed to recover from acute metal shock, as evidenced by reduced carotenoid levels at the end compared to the control.




Conclusion
The study demonstrates that carotenoid responses to Pb and As differed among the three Calothrix cultures and changed over the six-day exposure period. Calothrix sp. showed an initial reduction followed by partial pigment recovery, particularly under 2 ppm Pb. C. brevissima CCCNO:65 exhibited comparatively strong increases in carotenoid content under As exposure and a recovery under 5 ppm Pb by Day 6. In contrast, C. maechica 19 showed divergent responses, with an increase under 5 ppm Pb but a decline under 5 ppm As by the final sampling point. These patterns indicate that carotenoid content is responsive to metal identity, concentration, exposure duration, and culture. The findings support the use of carotenoid measurements as a physiological stress indicator for comparative environmental monitoring studies. However, carotenoid changes alone do not demonstrate metal removal, whole-cell tolerance, or field-level bioindicator performance. Further work should therefore combine pigment measurements with direct assessment of metal uptake or removal, growth, photosynthetic performance, oxidative stress, and molecular responses before specific bioremediation or monitoring applications are established.
Limitation
This study evaluated carotenoid responses in three Calothrix cultures at two concentrations of Pb and As over six days. The interpretation is limited to carotenoid content because direct measurements of metal uptake or removal, growth, photosynthetic efficiency, oxidative damage, and molecular responses were not included. The experiments were conducted under controlled laboratory conditions, so the observed pigment patterns should not be assumed to represent field performance. Additional physiological and analytical endpoints are required to confirm metal tolerance, bioremediation capacity, or bioindicator suitability.
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