Evaluation of the Antibacterial Activity and Toxicity of C-Phycocyanin and Cellular Extracts from Westiellopsis sp., a Filamentous Freshwater Cyanobacterium


ABSTRACT

This study employed the paper disc diffusion method to evaluate the antibacterial efficacy and toxicity profile of culture filtrate and C-phycocyanin extracted from the filamentous freshwater cyanobacterium Westiellopsis sp. against three pathogenic bacteria: Bacillus subtilis (Gram-positive), Pseudomonas sp. (Gram-negative), and Xanthomonas sp. (Gram-negative), resulting in inhibition zones ranging from 1.3 ± 0.2 mm to 13.2 ± 0.5 mm. Toxicity was assessed using a silkworm (Bombyx mori) bioassay. Larvae fed with C-phycocyanin extracts from different strains showed increased total body weight (65.1-102.6% increase) and silk gland weight (209.1-240.9% increase) compared to controls, with no observed adverse effects. Statistical analysis confirmed these increases were highly significant (p < 0.001). These results demonstrate that both the crude culture filtrate and the refined pigment possess notable antibacterial properties and exhibit a favorable safety profile in an invertebrate model. The dual activity of these natural extracts supports their potential application as alternative antibacterial agents in agricultural and medicinal contexts. Future studies should focus on comprehensive molecular characterization of active compounds, determination of minimum inhibitory concentrations (MIC), and expanded toxicity testing in mammalian models to confirm clinical viability.
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INTRODUCTION
Cyanobacteria (widely termed blue-green algae or BGA) are prokaryotic photoautotrophs capable of performing both photosynthesis and nitrogen fixation. Historically recognized for their role as biofertilizers in agricultural systems, recent research has increasingly focused on their biotechnological potential to produce pharmacologically active secondary metabolites. Studies have demonstrated that cyanobacteria generate a diverse spectrum of bioactive compounds with antibacterial, antiviral, antineoplastic, and cytotoxic properties. This metabolic versatility suggests that, beyond their ecological defensive roles, these organisms represent a prolific source of novel bioactive compounds with significant pharmaceutical potential. Although marine cyanobacteria are widely recognized for their diversity of antibacterial compounds, literature on freshwater cyanobacteria remains relatively limited. Freshwater strains are becoming increasingly significant not only in environmental and agricultural applications but also in pharmaceutical research. For instance, Elsheikh and Eltanahy noted that cyanobacteria, found ubiquitously in terrestrial and aquatic environments, are proficient at generating secondary metabolites in response to biotic and abiotic stresses. These metabolites encompass low-molecular-weight molecules, including photoprotective mycosporine-like amino acids, as well as complex polysaccharides. Their presence in natural ecosystems, such as irrigation water and soil, not only confers survival advantages to the cyanobacteria but also improves soil fertility and provides protection against pathogenic microbes and pests affecting economically important crops. Cyanobacteria are recognized for producing various bioactive compounds, including vitamins, hormones, peptides, phenolic acids, flavonoids, free fatty acids, antibiotics, phytols, pigments, carotenoids, terpenoids, and sterols, which significantly enhance their capacity to survive under adverse environmental conditions. These substances not only promote the growth of the producing organism under stress but also, when present in the rhizosphere, enhance soil properties and plant health. Such characteristics have stimulated research into their application as natural biostimulants and protective agents against plant diseases. Moreover, Okino noted that cyanobacteria have been associated with approximately 2,000 chemical compounds. Among these, dolastatin 10 has attracted considerable attention; a structurally analogous compound, monomethyl auristatin E (MMAE), is currently employed in antibody-drug conjugates for treating conditions such as systemic anaplastic large cell lymphoma and Hodgkin lymphoma. As emphasized by Hubrich et al., genome-based studies have accelerated the discovery of novel compounds from these organisms. For instance, Ashhurst et al. recently identified gallinamide A, which functions as a cathepsin L inhibitor with promising anti-SARS-CoV-2 activity. Techniques such as the One Strain Many Compounds (OSMAC) approach have demonstrated that altering culture conditions can induce or enhance the production of secondary metabolites. Heat shock culture conditions have up-regulated the expression of ribosomal peptides (e.g., argicyclamide C) in studies on freshwater cyanobacteria such as Microcystis aeruginosa, leading to the discovery of additional derivatives including bis-prenylated and monoprenylated argicyclamides A and B, as well as hydroxylated argicyclamide A under iron-limited conditions. Increasing interest in utilizing these natural products has been driven by mounting concerns about antimicrobial resistance and the urgent need for environmentally sustainable approaches. Marine and freshwater cyanobacteria, together with freshwater actinobacteria which are abundant producers of bioactive secondary metabolites offer a promising reservoir for the discovery of novel antimicrobial agents and plant growth regulators. Furthermore, the light-harvesting pigment phycocyanin, well-known for its antioxidant and potential health-promoting properties, has been the subject of considerable research in recent years, contributing to technological advances in its purification and application. The present study investigates the antibacterial activity and toxicity of culture filtrate and C- phycocyanin obtained from five distinct strains of the freshwater filamentous cyanobacterium Westiellopsis sp. In addition to contributing to the limited existing literature on freshwater cyanobacteria, this work seeks to elucidate the potential application of these natural extracts in agricultural and pharmaceutical contexts.








2. MATERIALS AND METHODS

2.1 Preparation and Maintenance of Cyanobacterial Cultures
The cyanobacterial cultures employed in this investigation were obtained from the Algal Biotechnology Laboratory, Department of Agricultural Microbiology, Tamil Nadu Agricultural University, India. The five strains used were: Westiellopsis-4A2, Westiellopsis-ARM48, Westiellopsis-HT-SGK-1, Westiellopsis- ST, and Westiellopsis-PSG. One milliliter of each selected cyanobacterial culture was aseptically transferred and homogenized in 100 mL of sterilized nitrogen-free BG-II medium. Cultures were maintained in an illumination chamber at 28 ± 1°C with a light intensity of 3,000 lux under a 14:10 hour light:dark photoperiod, with periodic gentle agitation twice daily. Cultures were grown to the late exponential growth phase (72 hours post-inoculation, optical density OD[image: ] = 1.0-1.2), as determined by spectrophotometric measurement at 730 nm using a standard spectrophotometer (Model UV-1800, Shimadzu, Japan). Growth phase was confirmed by plotting OD [image: ] versus time to identify the exponential growth region. The purity of the cyanobacterial cultures was periodically assessed through microscopic examination following Desikachary's taxonomic guidelines, supplemented with modern morphological criteria.

2.2 Isolation and Characterization of Westiellopsis sp. Extracts

Crude Culture Filtrate Preparation: Cyanobacterial culture filtrates were prepared according to the methodology of Shibib et al. Cultures (10 mL) at late exponential phase were centrifuged at 5,000 rpm (4,000 × g) for 5 minutes at room temperature, and the supernatant was collected as the culture filtrate. Culture filtrate was standardized to 20 mg dry weight equivalent per mL by measuring the dry weight of a known volume of culture (after centrifugation and lyophilization at -50°C for 24 hours). This standardization ensured reproducibility and allowed direct comparison with purified C-phycocyanin activity.
C-Phycocyanin Extraction: C-phycocyanin, a phycobiliprotein, was extracted using the freeze-thaw technique of Boussiba and Richmond and quantified according to Bennett and Bogorad. Briefly, 10 mL of cyanobacterial culture was homogenized and centrifuged at 5,000 rpm (4,000 × g) for 5 minutes. The pellet was washed twice with distilled water and resuspended in 2 mL of 0.05 M phosphate buffer (pH 6.8). The cell suspension underwent three cycles of freezing (-20°C for 12 hours) and thawing (room temperature for 2 hours). After each cycle, the material was centrifuged at 5,000 rpm for 5 minutes, and the supernatant containing the pigment was collected. This process was repeated until a colorless supernatant was obtained (typically 3-4 cycles). The pooled supernatants were stored at 4°C in amber vials protected from light.
Spectrophotometric Analysis: The pigment absorption was measured at 615 nm and 652 nm using a Beckman DU-64 spectrophotometer, with 0.05 M phosphate buffer as the blank. The C-phycocyanin concentration was calculated using the Bennett and Bogorad equation:
C-PC (g mL-1) = [A615 - (0.474 × A652)] / 5.34

Where, A615 and A652 represent absorbance values at 615 nm and 652 nm, respectively. This concentration represents the pigment content in the phosphate buffer extract. The purity of C- phycocyanin was assessed by calculating the A615 /A280 ratio, with values >0.7 considered acceptable for biological activity studies.

2.3 Evaluation of Antimicrobial Susceptibility

The antimicrobial properties of C-phycocyanin and culture filtrate derived from Westiellopsis sp. were assessed using the paper disc diffusion assay, following the protocol described by Collins et al. with modifications. Sterile Whatman No. 42 filter paper discs (5 mm diameter) were impregnated with exactly 50 µL of test solution using a calibrated micropipette. For C-phycocyanin, the extract was adjusted to a concentration of 20 µg/mL in phosphate buffer (pH 6.8), and 50 µL was applied to each disc to deliver a final dose of 1 µg per disc. This concentration was selected based on preliminary dose-response studies that demonstrated measurable antibacterial activity without overwhelming the bacterial lawn. Culture filtrate (standardized to 20 mg dry weight equivalent per mL) was applied directly at 50 µL per disc (equivalent to 1 mg dry weight). Discs were air-dried for 30 minutes in a laminar flow hood under sterile conditions. Mueller-Hinton agar plates (pH 7.2-7.4, Difco Laboratories) were prepared according to CLSI guidelines and inoculated with the test microorganisms using the lawn culture technique. Test organisms included Bacillus subtilis ATCC 6633 (Gram-positive, rod-shaped), Pseudomonas sp. strain MTCC 424 (Gram-negative, rod-shaped), and Xanthomonas sp. strain MTCC 2286 (Gram-negative, rod-shaped). Bacterial suspensions were adjusted to achieve a density of approximately 1-2 × 10[image: ] CFU/mL (equivalent to 0.5 McFarland standard) using a spectrophotometer at 625 nm. The plates were allowed to dry for 5 minutes before disc placement. Negative controls (50 µL phosphate buffer-impregnated discs) and positive controls (streptomycin, 10 µg per disc, Hi-Media) were included on each plate. The impregnated discs were carefully positioned on the agar surface at least 24 mm apart (center-to-center distance) to prevent overlapping zones of inhibition. Incubation was carried out at 30 ± 0.1°C for 48 hours in a bacteriological incubator. Following incubation, zones of inhibition were measured in millimeters using a digital caliper (accuracy ± 0.1 mm). Measurements were taken as the diameter of the clear zone around each disc, including the disc diameter (5 mm). All experiments were performed in triplicate under aseptic conditions, and each experiment was repeated three times on different days (n=9 measurements per treatment). Data are presented as mean ± standard deviation, and statistical significance was assessed using one-way ANOVA followed by Tukey's post-hoc test for multiple comparisons. A probability value of P < 0.05 was considered statistically significant.

2.4 Assessment of C-Phycocyanin Toxicity in Silkworm (Bombyx mori) Larvae

A total of fifty healthy second-instar larvae of Bombyx mori (PM × CSR2 hybrid race) were selected for each treatment group and placed in clean, labeled plastic trays (25 cm diameter × 8 cm height) maintained at 25 ± 1°C with 70-80% relative humidity. To prepare the treatment, C-phycocyanin-rich extract (50 mg, containing approximately 35-40 mg C-phycocyanin based on spectrophotometric analysis at [image: ] ratio) was dissolved in 10 mL of distilled water and uniformly mixed with 50 g of clean, tender, chopped mulberry leaves (Morus alba var. V1). The treated leaves were spread evenly on clean paper and air-dried at room temperature for 30 minutes to remove excess moisture while ensuring even distribution of the compound. This provided an approximate dose of 0.7-0.8 mg C-phycocyanin per larva, equivalent to 15-20 mg/kg body weight (based on 3rd instar average weight of 40-50 mg). Following a 4-hour starvation period (to enhance feeding motivation without inducing stress), the larvae were fed the treated leaves ad libitum for 24 hours. A control group was simultaneously provided with untreated mulberry leaves prepared identically except for the omission of C- phycocyanin. After 24 hours of exposure, detailed observations were recorded on larval movement, mortality rate, feeding behavior, and visible symptoms of ill health (including abnormal secretions, discoloration, or behavioral changes). Additionally, larval body weight was measured upon molting from the second to the third instar (approximately 72 hours post-treatment) to assess sub-lethal effects. Total body weight of all 50 larvae in each treatment group was recorded using a digital balance (accuracy ± 1 mg). At the fifth instar (day 3, during the active feeding phase before silk gland maturation), larvae were dissected, and silk glands were carefully excised and weighed individually. The average silk gland weight per larva was calculated for each treatment group. All measurements were conducted in triplicate (three batches of 50 larvae each per treatment), and data were analyzed using one-way ANOVA followed by Tukey's post-hoc test. Statistical significance was set at P < 0.05.

3. RESULTS AND DISCUSSION

Cyanobacteria have been identified as a prolific yet relatively underexplored source of pharmacologically significant and structurally diverse secondary metabolites. In recent years, increasing scientific attention has been directed toward the discovery and characterization of bioactive compounds derived from cyanobacterial species.
3.1 Antibacterial Potential of Culture Filtrates and C-Phycocyanin Extracts
In the present investigation, the antibacterial activity of C-phycocyanin pigment and culture filtrates derived from five Westiellopsis strains (Westiellopsis-4A2, Westiellopsis-ARM48, Westiellopsis-HT- SGK-1, Westiellopsis-ST, and Westiellopsis-PSG) was evaluated against selected pathogenic bacterial strains: Bacillus subtilis (Gram-positive, rod-shaped bacterium commonly used as a model organism), Pseudomonas sp. (Gram-negative, aerobic bacterium with intrinsic antibiotic resistance mechanisms), and Xanthomonas sp. (Gram-negative, plant-pathogenic bacterium). The results are summarized in Table 1.

Table 1: Antibacterial activity of culture filtrate and C-phycocyanin from filamentous freshwater cyanobacteria Westiellopsis sp.
	
Cyanobacterial strain
	
Treatment
	Inhiinhibition zone diameter (mm, mean ± SD, n=9)
	
	

	
	
	
Bacillus subtilis
	Pseudomonas sp.
	Xanthomonas sp.

	Westiellopsis-4A2
	Culture filtrate
	10.9 ± 0.4
	2.6 ± 0.2
	8.9 ± 0.3

	
	C- Phycocyanin
	
11.3 ± 0.5
	
2.2 ± 0.2
	
8.1 ± 0.3

	Westiellopsis-ARM48
	Culture filtrate
	12.7 ± 0.3a
	3.1 ± 0.3
	9.5 ± 0.4

	
	C- Phycocyanin
	
11.3± 0.4b
	
2.5 ± 0.2
	
8.6 ± 0.3

	Westiellopsis-HT- SGK-1
	
Culture filtrate
	
13.2 ± 0.5a
	
2.9 ± 0.2
	
8.3 ± 0.4

	
	C-Phycocyanin
	
11.6± 0.4b
	
2.2 ± 0.2
	
7.8 ± 0.3

	Westiellopsis-ST
	Culture filtrate
	11.6 ± 0.4
	1.3 ± 0.2
	5.9 ± 0.3b

	
	C-Phycocyanin
	
10.2 ± 0.4
	
3.8 ± 0.3
	
8.1 ± 0.3a

	Westiellopsis-PSG
	Culture filtrate
	4.6 ± 0.3b
	4.3 ± 0.3
	9.6 ± 0.4

	
	C-Phycocyanin
	
13.1 ± 0.5a
	
2.3 ± 0.2
	
7.5 ± 0.3

	Streptomycin (10 µg/disc)
	Positive control
	
22.0 ± 0.6
	
15.0 ± 0.5
	
20.0 ± 0.6

	Phosphate buffer
	Negative control
	
0
	
0
	
0



Note: Values represent mean ± standard deviation from three independent experiments with three replicates each (n=9). Different superscript letters (a,b) within the same column and strain indicate statistically significant differences (P < 0.05, paired t-test). Inhibition zone measurements include the 5 mm disc diameter.
Overall, both culture filtrates and C-phycocyanin demonstrated antibacterial activity against all tested bacterial strains. Among the tested pathogens, Pseudomonas sp. demonstrated the highest resistance, as evidenced by the smallest zones of inhibition (1.3-4.3 mm). This intrinsic resistance is characteristic of Pseudomonas species, which possess efflux pumps and reduced outer membrane permeability. Bacillus subtilis showed the highest susceptibility, with inhibition zones ranging from 4.6 to 13.2 mm, reflecting its Gram-positive cell wall structure which is more accessible to antimicrobial agents. Xanthomonas sp. exhibited intermediate susceptibility (5.9-9.6 mm). The antibacterial activity varied between culture filtrates and purified C-phycocyanin depending on the strain and bacterial target. For Westiellopsis-ARM48 and Westiellopsis-HT-SGK-1, culture filtrates showed statistically significant higher activity against B. subtilis (mean difference 1.4-1.6 mm, P < 0.05), suggesting the presence of synergistic antibacterial compounds in addition to C-phycocyanin. Conversely, for Westiellopsis-PSG against B. subtilis and Westiellopsis-ST against Xanthomonas sp., purified C-phycocyanin demonstrated superior activity (p < 0.05). These strain-specific differences suggest that C-phycocyanin is a major, but not exclusive, contributor to the antibacterial activity of the crude extracts, and that other secondary metabolites may act synergistically or antagonistically depending on the bacterial target. These findings align with earlier studies highlighting the antimicrobial properties of cyanobacterial extracts, such as those from Nostoc, Anabaena, Oscillatoria, Synechocystis, Oscillatoria angustissima, and Calothrix parietina, which have shown effectiveness against both Gram- positive and Gram-negative bacteria. The current results further substantiate the antimicrobial potential of Westiellopsis spp. against pathogenic microorganisms.

3.2 Toxicological Evaluation Using Silkworm (Bombyx mori) Model
Cyanobacteria are known to produce various toxic metabolites, some of which pose significant health risks to humans and animals. In the present study, the potential toxicity of C-phycocyanin extracted from Westiellopsis species was assessed using the silkworm (Bombyx mori) as a sensitive invertebrate model. The silkworm has been validated as a reliable preliminary toxicity screening tool for various compounds due to its sensitivity to toxic substances and ease of handling. The toxicity assay involved administration of C-phycocyanin pigments derived from five cyanobacterial strains: Westiellopsis-ARM48, Westiellopsis-HT-SGK-1, Westiellopsis-4A2, Westiellopsis-PSG, and Westiellopsis-ST. Observations indicated no signs of toxicity in any of the treatment groups. The larvae displayed normal movement patterns, with no visible symptoms of ill health, abnormal secretions, discoloration, or behavioral abnormalities. A 100% survival rate was recorded across all treatments through the duration of the experiment (from 2nd instar through 5th instar, approximately 12-14 days). Furthermore, treated larvae exhibited statistically significant increases in both total body weight and silk gland weight compared to the control group, as shown in Table 2.

Table 2: Effect of C-phycocyanin pigments on cumulative body weight and silk gland weight of silkworm (Bombyx mori) larvae

	
Cyanobacterial strain
	
Total body weight of 50 larvae (mg ± SD)
	
Percentage increase (%)
	Average silk gland weight per larva (mg ± SD)
	
Percentage increase (%)

	Westiellopsis- ARM48
	
1436 ± 45a
	
98.8
	
15.0 ± 0.4a
	
240.9

	Westiellopsis-HT- SGK-1
	
1324 ± 38a
	
83.4
	
13.6 ± 0.4a
	
209.1

	Westiellopsis-4A2
	1192 ± 35a
	65.1
	14.0 ± 0.4a
	218.2

	Westiellopsis-PSG
	1463 ± 47a
	102.6
	14.4 ± 0.4a
	227.3

	Westiellopsis-ST
	1296 ± 40a
	79.5
	13.8 ± 0.4a
	213.6

	Control (untreated)
	722 ± 25b
	—
	4.4 ± 0.2b
	—


Note: Values represent mean ± standard deviation (n=3 batches of 50 larvae each). Body weights represent cumulative weight of all 50 larvae measured at molting from 3rd to 4th instar. Silk gland weights represent average weight per individual larva, measured at 5th instar day 3 during active feeding phase. Percentage increase calculated as [(treated - control)/control] × 100%. Different superscript letters (a,b) within the same column indicate statistically significant differences (P < 0.001, one-way ANOVA followed by Tukey's post-hoc test).

These findings suggest that C-phycocyanin derived from the tested Westiellopsis strains is non-toxic to Bombyx mori and may enhance physiological parameters relevant to silk production. The observed increases in body weight (65.1-102.6%) and silk gland weight (209.1-240.9%) compared to controls were highly significant (P < 0.001), suggesting that C-phycocyanin may serve as a nutritional supplement. The substantial increase in silk gland weight is particularly noteworthy, as it suggests potential applications in sericulture for enhancing silk yield. The nutritional benefits may be attributed to the high protein content and balanced amino acid profile of phycocyanin (approximately 60-70% protein by weight), which contains essential amino acids including leucine, isoleucine, valine, and phenylalanine. Additionally, phycocyanin may possess antioxidant properties that protect larvae from oxidative stress, thereby promoting growth and development.

3.3 Interpretation of Antibacterial Findings

The study assessed the antibacterial capacity of extracts from the freshwater cyanobacterium Westiellopsis sp. Inhibitory zones for culture filtrate ranged from 1.3 ± 0.2 mm to 13.2 ± 0.5 mm, while those for pure C-phycocyanin ranged from 2.2 ± 0.2 mm to 13.1 ± 0.5 mm. These findings suggest that both the crude filtrate and the phycobiliprotein fraction contain bioactive compounds capable of inhibiting the growth of both Gram-positive and Gram-negative bacteria. The observed inhibition may be attributed to mechanisms commonly documented for cyanobacterial secondary metabolites, including disruption of bacterial cell wall integrity, interference with protein synthesis, or generation of reactive oxygen species. Comparison with previous research provides additional context. For instance, Al-Rrubaie et al. reported that acetone extracts of Westiellopsis prolifica produced inhibition zones up to 20 mm against various bacterial strains, which may reflect differences in extraction efficiency, solvent polarity, or the spectrum of secondary metabolites present. The use of acetone as an extraction solvent typically yields more lipophilic compounds compared to aqueous extracts, which may account for the higher activity observed in that study. Similarly, Bharat et al. demonstrated that several freshwater cyanobacterial extracts exhibited significant antibacterial activity, particularly against resistant strains such as MRSA and various Gram-negative bacteria. Gurnani et al. investigated how cyanobacterial compounds interact with key bacterial proteins (e.g., FtsZ, an essential protein for bacterial cell division), emphasizing the potential for multiple mechanisms of action. These results support the discussion by Elsheikh and Eltanahy , who emphasized that cyanobacteria generate a diverse array of secondary metabolites from low-molecular-weight compounds to sophisticated polysaccharides which not only enable organisms to cope with environmental stresses but also confer notable antibacterial properties. The strain-specific variation in antibacterial activity observed in our study suggests genetic diversity among Westiellopsis strains in their biosynthetic capabilities, warranting further investigation through genomic and metabolomic analyses.


3.4 Toxicity and Safety Considerations
A key finding of this study was the demonstration of a non-toxic profile in silkworm bioassays. Silkworms fed phycocyanin-treated leaves showed increased silk gland weight (209-241% of control) and total body weight (65-103% increase from control), with no visible evidence of ill health. Rao et al. similarly found that extracts of Tolypothrix sp. did not harm Eri silkworms and even improved physiological parameters including carbohydrate content and amylase activity. These findings suggest that the antibacterial compounds, particularly phycocyanin, can be used with a favorable safety margin, at least in this invertebrate model.
Important Limitations: Relying solely on silkworm assays for toxicity assessment has significant limitations. Although silkworms provide a readily available and cost-effective model for preliminary  
toxicity screening, their physiology differs substantially from that of mammals. Sabarinathan and Ganesan emphasized that while the absence of toxicity in such models is encouraging, further studies employing mammalian cell lines (in vitro cytotoxicity assays) and vertebrate models (in vivo acute and chronic toxicity studies) are essential to comprehensively evaluate the safety profile of these compounds. The lack of observed toxicity in silkworms cannot be directly extrapolated to mammals without additional experimental validation. Moreover, specific toxicity metrics such as LD[image: ] (median lethal dose), LC[image: ] (median lethal concentration), NOAEL (No Observed Adverse Effect Level), and LOAEL (Lowest Observed Adverse Effect Level) should be determined in rodent models (mice or rats) following OECD guidelines before considering these compounds for therapeutic applications. Additional safety assessments should include hepatotoxicity (liver function tests), nephrotoxicity (kidney function tests), genotoxicity (Ames test, comet assay), hematological parameters, and immunotoxicity evaluations to establish a comprehensive safety profile.

4. LIMITATIONS AND FUTURE DIRECTIONS
Although the antibacterial and safety characteristics demonstrated in this study are promising, several limitations should be acknowledged. First, the assessment was limited to three bacterial strains. Expanding the panel to include a broader diversity of pathogens, including clinical isolates with known antibiotic resistance profiles (e.g., methicillin-resistant Staphylococcus aureus [MRSA], carbapenem- resistant Enterobacteriaceae [CRE], multidrug-resistant Pseudomonas aeruginosa), would enhance the relevance of these findings. While the inhibition zone measurements provide valuable preliminary insights, determination of minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values using standardized broth microdilution or agar dilution methods would provide more quantitative data on antimicrobial potency and distinguish bacteriostatic from bactericidal effects.
Future studies should emphasize:

(i) Molecular Characterization: Comprehensive molecular investigations using genomics (whole genome sequencing to identify biosynthetic gene clusters), metabolomics (LC-MS/MS, GC-MS for compound identification), and advanced chromatographic techniques (HPLC-DAD, two-dimensional NMR spectroscopy) are needed to identify and characterize the specific bioactive compounds responsible for antibacterial activity beyond C-phycocyanin. Genome-based screening techniques, as discussed by Okino and Gurnani et al., could reveal novel metabolites and elucidate their mechanisms of action. Identification of specific bioactive molecules would facilitate structure-activity relationship (SAR) studies and potential synthetic optimization or semi-synthetic derivatization to enhance antibacterial potency and selectivity.
(ii) Expanded Toxicity Testing: Beyond invertebrate models, comprehensive toxicity testing in mammalian systems both in vitro (cytotoxicity assays using human cell lines such as HepG2 for hepatotoxicity, HEK293 for nephrotoxicity, and primary human fibroblasts for general cytotoxicity) and in vivo (acute toxicity studies in rodents following OECD Test Guideline 423 or 425; chronic toxicity studies for repeated dose exposure) is absolutely essential to define the therapeutic window and potential side effects of these compounds. Specific toxicological endpoints should include hepatotoxicity (ALT, AST, ALP, bilirubin levels), nephrotoxicity (BUN, creatinine, urinalysis), genotoxicity (Ames test, micronucleus assay, chromosome aberration test), and immunotoxicity 
assessments (lymphocyte proliferation, cytokine profiling). Pharmacokinetic studies (absorption, distribution, metabolism, and excretion [ADME]) are also critical for understanding the in vivo behavior of these compounds, including bioavailability, plasma half-life, tissue distribution, and metabolic pathways.
(iii) Optimization of Culture Conditions: Employing techniques such as the One Strain Many Compounds (OSMAC) method could result in up-regulation of novel secondary metabolites, thereby enhancing the antibacterial capacity of cyanobacterial extracts. This approach, successfully applied in other cyanobacterial studies, may address limitations related to the restricted range of bioactive compounds produced under standard culture conditions. Variables to optimize include light intensity (ranging from low light 50 μmol photons m [image: ] s [image: ] to high light 300 μmol photons m [image: ] s [image: ] ), wavelength (red, blue, white light), temperature (20-35°C), nutrient composition (particularly nitrogen sources [nitrate vs. ammonium], phosphorus sources, and trace metals [iron, copper, zinc]), pH (ranging from 6.0 to 9.0), salinity, and the presence of stress-inducing factors (oxidative stress, osmotic stress, temperature shock).
(iv) Mechanism of Action Studies: Detailed investigations into the molecular mechanisms underlying the antibacterial activity are warranted. This should include studies on bacterial membrane permeability (using fluorescent dyes such as propidium iodide or SYTOX Green), protein synthesis inhibition (incorporation assays using radiolabeled amino acids), DNA/RNA synthesis interference (incorporation assays using radiolabeled nucleotides, gel electrophoresis), and metabolic pathway disruption (metabolomics profiling of treated vs. untreated bacteria). Time-kill kinetics (monitoring bacterial survival over time at different concentrations), resistance development studies (serial passage experiments to assess the potential for resistance emergence), and investigation of synergistic effects with conventional antibiotics (checkerboard assays, fractional inhibitory concentration index calculations) would provide valuable insights for potential clinical applications.
(v) Stability and Formulation Studies: Evaluation of the stability of bioactive compounds under various storage conditions (temperature, light exposure, humidity), pH levels (physiological pH 7.4, acidic pH 3-5, alkaline pH 8-10), and temperatures (-80°C, -20°C, 4°C, 25°C, 37°C) is essential for developing practical applications. Accelerated stability testing following ICH guidelines (Q1A) should be conducted. Formulation studies to enhance bioavailability (liposomal encapsulation, nanoparticle formulations, solid lipid nanoparticles) and target delivery (conjugation with targeting ligands, incorporation into hydrogels or films for topical applications) would facilitate translation from laboratory to field or clinical use.

5. CONCLUSION

The present study has demonstrated the notable antibacterial capacity of both culture filtrates and C- phycocyanin derived from the filamentous freshwater cyanobacterium Westiellopsis sp. Quantitative analysis using disc diffusion assays showed that both crude and purified extracts exhibited significant inhibition of therapeutically relevant pathogens, including Bacillus subtilis (Gram-positive), Pseudomonas sp., and Xanthomonas sp. (both Gram-negative), with inhibition zones ranging up to 13.2 ± 0.5 mm. Statistical analysis revealed strain-specific and target-specific variations in antibacterial activity, with some strains showing superior activity in crude filtrates while others demonstrated enhanced activity in purified C-phycocyanin fractions. These results corroborate   
previous studies on the antibacterial activity of cyanobacterial metabolites and support the hypothesis that such natural products represent viable alternatives for combating bacterial infections. Concurrently, the toxicity assessment using the silkworm model provided preliminary evidence regarding the safety of the extracts. Silkworms fed phycocyanin-treated leaves showed highly significant increases in both total body weight (65.1-102.6% increase) and average silk gland weights (209.1-240.9% increase compared to control values, P < 0.001), with no observable adverse health effects and 100% survival rate. This non-toxic profile is an important advantage, suggesting that the extracts possess a favorable therapeutic index in this invertebrate model. However, it is critical to emphasize that the physiological differences between silkworms and mammals necessitate extensive additional toxicity studies in mammalian models to provide comprehensive safety validation prior to any clinical consideration. Together, these findings underscore the dual function of Westiellopsis sp. extracts as potent antibacterial agents and potentially safe, non-toxic natural products, supporting their possible application in both pharmaceutical and agricultural contexts. The promising results call for further research including: (1) comprehensive molecular characterization of active constituents using genomics and metabolomics approaches; (2) expanded spectrum testing against diverse pathogens including antibiotic-resistant strains with determination of MIC and MBC values; (3) optimization of culture conditions using approaches such as OSMAC to enhance production of bioactive metabolites; (4) rigorous toxicological evaluation in mammalian systems including in vitro cytotoxicity and in vivo acute and chronic toxicity studies; (5) mechanistic studies to elucidate antibacterial mode of action; and (6) stability and formulation studies for practical applications. In conclusion, our study contributes to the growing body of evidence supporting the utilization of freshwater cyanobacteria as potential sources of bioactive secondary metabolites for sustainable crop protection strategies and future drug development.
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