THE ROLE OF SALINITY GRADIENT IN REGULATING BIOMASS YIELD AND LIPID BIOSYNTHESIS OF Chlorella vulgaris FOR BIOFUNCTIONAL FEED
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ABSTRACT 

	Salinity is a pivotal abiotic factor influencing microalgal physiology, with direct implications for biomass productivity and biochemical composition. This study investigated the effects of four salinity gradients (25, 28, 31, and 34 ppt) on the growth performance, biomass yield, chlorophyll content, and lipid accumulation of Chlorella vulgaris under controlled laboratory conditions. Cultures were maintained for seven days in a completely randomized design with three replicates per treatment. Results revealed significant (p < 0.05) differences among treatments, with the highest cell density (110.5 × 10⁶ cells/mL), biomass yield (10.25 g), chlorophyll-a concentration (3.38 mg/L), and lipid content (43.07%) observed at 34 ppt, closely followed by 31 ppt. Increased salinity within this optimal range appeared to induce moderate osmotic stress, enhancing photosynthetic pigment synthesis and redirecting metabolic flux toward lipid biosynthesis without severely compromising growth. Water quality parameters remained within optimal limits across treatments, ensuring that salinity was the primary driver of observed physiological differences. The parallel enhancement of biomass quantity and lipid quality under higher salinity conditions underscores the potential of salinity modulation as a cost-effective strategy for improving the nutritional and commercial value of C. vulgaris biomass. These findings provide a robust foundation for the development of optimized cultivation protocols in aquaculture and biofunctional feed production, particularly in saline or brackish water systems, contributing to sustainable microalgal biotechnology and the circular bioeconomy. Future applications of this research could further enhance large-scale production techniques, offering a sustainable alternative feed source for aquaculture while reducing dependency on costly ingredients, such as fish oil.
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1. INTRODUCTION 
Microalgae, particularly Chlorella vulgaris, have emerged as highly valuable biological resources due to their rich biochemical composition and promising applications in nutraceuticals, aquaculture, and functional feed formulations. C. vulgaris is especially noted for its high protein content, reaching up to 52.2% of dry weight, and its abundance of essential polyunsaturated fatty acids such as omega-3 and omega-6, which are crucial for cardiovascular and neural health (Cunha et al., 2022; Jahromi et al., 2022; Verspreet et al., 2021). In addition, the species is rich in pigments, including chlorophyll a, lutein, and carotenoids, which exhibit potent antioxidant properties and contribute to its bioactive potential (Kratzer & Murkovic, 2021; Schüler et al., 2020).  
In industrial biotechnology and aquaculture, C. vulgaris is widely utilized owing to its fast growth, adaptability to diverse environmental conditions, and high biomass productivity. Optimized cultivation under specific light and CO₂ conditions has yielded biomass productivity up to 0.748 g/L/day, with CO₂ biofixation rates of 1.37 g CO₂/L/day (Hena et al., 2023). Response surface methodologies have further enhanced biomass output to 11,165 mg/mL under tailored pH, temperature, and nutrient regimes (Kanaga et al., 2022). C. vulgaris has demonstrated ecological plasticity, including the capacity to grow in aquatic and terrestrial systems, tolerate high temperature and light intensities (Aigner et al., 2020), and even remediate wastewater streams such as those from wineries and distilleries, thereby reducing cultivation costs while promoting circular bioeconomy approaches (F. Li et al., 2021; Spennati et al., 2021).
Among environmental parameters, salinity is a key abiotic stressor that modulates algal physiology by influencing osmotic regulation, cell division, pigment production, and lipid biosynthesis. Species-specific responses to salinity have been widely documented: for example, Chlorella sp. MACC-360 retains normal growth under 600 mM NaCl (Devadasu et al., 2023), while Chlamydomonas reinhardtii exhibits morphological adaptation through palmelloid formation at high salinity (Farkas et al., 2023). Interestingly, Picocystis salinarum shows increased photosynthetic rates in hypersaline media, whereas Dunaliella salina suffers reduced photosynthetic efficiency under similar conditions (Ramachandran et al., 2023; Singh et al., 2023). These species-specific and often nonlinear responses underline the complex influence of salinity on photosynthesis and cellular metabolism.
However, despite the expanding literature on microalgae, there is a paucity of studies that systematically investigate how specific salinity gradients affect the integrated physiological traits of Chlorella vulgaris, such as growth rate, chlorophyll a content, and lipid accumulation, under controlled conditions. Existing research tends to examine these parameters in isolation or under extreme salinity stress rather than across a progressive and moderate salinity range. For instance, C. vulgaris strain UMT-M1 exhibited a high oil yield at 15 ppt salinity without compromising biomass; however, similar interactions at higher salinities remain underexplored (Teh et al., 2021, 2022). Moreover, while lipid accumulation in response to salinity has been reported, quantitative data linking salinity levels to chlorophyll a concentration—critical for photosynthetic efficiency—remain scarce, especially for industrial strains used in feed production (Moradi-Kheibari et al., 2022; Teh et al., 2022).
The lack of integrative analysis connecting salinity-induced physiological responses with their potential for biofunctional feed applications represents a clear research gap. Most investigations fail to address the trade-offs and synergies between productivity and biochemical quality when salinity is manipulated. This is particularly relevant for tropical and subtropical regions, such as Southeast Asia, where Chlorella vulgaris is increasingly cultivated for aquaculture and functional feed; however, cultivation protocols remain largely empirical.
Therefore, this study aims to comprehensively evaluate the effect of varying salinity gradients (25–34 ppt) on the growth performance, chlorophyll a content, and lipid accumulation in Chlorella vulgaris under controlled laboratory conditions. The objective is to identify the optimal salinity range that enhances both biomass yield and biochemical quality, thereby supporting the develop    ment of scalable, sustainable cultivation strategies for microalgae-based feed products. By filling the knowledge gap on how salinity modulates multiple physiological traits, this research contributes to a more efficient and data-driven approach to microalgal biotechnology in the context of biofunctional aquafeed development.

[bookmark: _Hlk204759345]2. MATERIALS AND METHODS
2.1 Study site and duration
The experiment was conducted over 35 days from January to February 2025. The cultivation and drying of Chlorella vulgaris were performed at the Pearl Oyster Laboratory, Marine Aquaculture Center (BPBL) in Lombok, Indonesia. Subsequent analyses of chlorophyll a and lipid content were conducted at the Analytical Chemistry Laboratory, Faculty of Mathematics and Natural Sciences, University of Mataram, Indonesia.

2.2 Culture materials and experimental design
Filtered seawater and sterile freshwater were used as culture media, adjusted to four salinity levels: 25, 28, 31, and 34 ppt, based on a dilution formula. Each salinity treatment was replicated three times, arranged in a completely randomized design (CRD), yielding 12 experimental units. Chlorella vulgaris inoculum was obtained from BPBL Lombok and standardized to 3 × 10⁶ cells/mL before inoculation.
Plastic jars (5 L) containing 3 L of medium were used as culture vessels. Cultures were maintained under constant aeration and exposed to a 12:12 light–dark photoperiod using 50-watt fluorescent lamps. KW21 fertilizer was added at a concentration of 1 mL/L as the nutrient source. All cultures were maintained at room temperature under controlled laboratory conditions.

2.3 Sterilization procedure
All glassware, plasticware, and culture vessels were washed, rinsed, and sterilized by boiling in freshwater for 2–3 minutes. Ethanol (75%) was applied before use to ensure aseptic conditions. Seawater was filtered through 10 µm, 5 µm, and 1 µm filters, then chlorinated at one ppm, vigorously aerated for 1 hour, and neutralized with 0.5 ppm sodium thiosulfate. Freshwater used for dilution was commercially purified and filtered.

2.4 Growth monitoring
Cell growth was monitored daily for 8 days using a hemocytometer and light microscope at 100× magnification. Cell density (cells/mL) was calculated based on the equation:



Where N is the average number of cells per square.

2.5 Biomass harvesting and dry weight determination
On day 8, cultures were harvested using chemical flocculation with NaOH at 2 g/L, following the procedure by Mufidah et al. (2019). Flocs were allowed to settle, supernatant was removed by siphoning, and the biomass was air-dried in a controlled AC room. Dry weight was calculated using the formula:


​ 
Where W₂ is the weight of the container with biomass, and W₁ is the weight of the empty container.

2.6 Lipid extraction
Total lipid content was determined at the end of the culture period. A 50 mL sample from each replicate was extracted using the Bligh and Dyer method (1959), employing hexane as the organic solvent. Lipid content was expressed as a percentage of dry biomass.

2.7 Chlorophyll-a analysis
Chlorophyll a was quantified using a UV-Vis spectrophotometer at wavelengths of 664 nm and 647 nm, with 98% acetone as solvent. Readings were taken at the end of the culture period for all replicates, and concentrations were calculated using standard absorbance equations, as described by Kamagi et al. (2017).

2.8 Water quality monitoring
Supporting environmental parameters, including temperature (°C), pH, salinity (ppt), dissolved oxygen (mg/L), and light intensity (lux), were monitored daily using a thermometer, pH meter, refractometer, DO meter, and a digital light meter application, respectively. All measured values were maintained within the optimal ranges suggested in the relevant literature.

2.9 Statistical analysis
All data were analyzed using SPSS version 16.0. One-way analysis of variance (ANOVA) was employed to assess treatment effects at a 95% confidence level (p < 0.05). When significant differences were found, post hoc comparisons were conducted using Duncan’s multiple range test.

3. RESULTS AND DISCUSSION
3.1 Growth Performance of Chlorella vulgaris
The growth trajectory of Chlorella vulgaris displayed clear distinctions across the four salinity treatments over the 7-day cultivation period (Fig. 1). The lowest final cell density was observed in treatment A (25 ppt), reaching only 50.5 × 10⁶ cells/mL, while the highest density was recorded in treatment D (34 ppt) at 110.5 × 10⁶ cells/mL, indicating a more than twofold difference. Notably, treatment D showed a decrease in cell density by day 7 (down to 90.6 × 106 cells/mL), whereas treatments A to C continued to show increasing trends.


Fig 1. Growth Performance of Chlorella vulgaris

These results underline the significant influence of salinity on algal growth dynamics. Salinity alters osmotic gradients, which in turn affect nut rient uptake, ion transport, and overall metabolic activity in microalgal cells (Polle et al., 2020; Zafar et al., 2021). The sharp increase in cell density in treatments C and D suggests that C. vulgaris exhibits a degree of halotolerance and can exploit moderate osmotic stress to accelerate cellular division during the exponential phase.
In agreement with previous findings by Dong et al. (2022), moderate salinity may enhance carbon fixation and resource allocation to cell division, likely due to the improved proton motive force resulting from salinity-induced stress. However, the slight decline in cell numbers on day 7 in treatment D suggests a transition to the stationary or even decline phase, possibly due to nutrient depletion or self-shading effects at high cell densities (Gardner et al., 2022; Ortiz Camargo et al., 2023). This observation is consistent with the r/K-selection theory in algae, where fast-growing populations tend to exhaust environmental resources more rapidly.
Overall, the results reinforce the hypothesis that salinity within the range of 31–34 ppt can stimulate faster growth rates in C. vulgaris, albeit with a shorter culture lifespan. Future studies may need to evaluate the timing of harvest as a critical factor in balancing productivity and cultural sustainability.

3.2 Biomass Productivity
The trend in biomass dry weight mirrored the growth data, with treatment D (34 ppt) yielding the highest average biomass (10.25 g), followed by treatments C (9.45 g), B (7.53 g), and A (6.26 g). Statistical analysis using ANOVA confirmed the significance of these differences (p < 0.05), and Duncan’s post hoc test further validated treatment D as the most productive condition (Fig. 2). 


  
Fig 2. Biomass productivity

The strong correlation between cell density and biomass confirms the reliability of biomass as a downstream indicator of primary productivity in microalgal cultures. Biomass accumulation is a function of both cell number and intracellular mass, which are influenced by salinity through its regulation of cell turgor, vacuolar expansion, and carbon partitioning (Mastropetros et al., 2023; Schagerl et al., 2022).
Moreover, the observed increase in biomass at elevated salinities aligns with the concept of “stress-induced productivity,” whereby microalgae respond to controlled abiotic stress by reallocating energy from cell division to storage compounds, thereby increasing cellular density and dry mass. This strategy has been widely employed in lipid-focused microalgal cultivation for biofuel production (Hounslow et al., 2021; H. Li et al., 2021; Paramasivam et al., 2021).
These results demonstrate that salinity not only regulates proliferation but also directly impacts the biosynthetic capacity of C. vulgaris, making it a controllable parameter in bioprocess optimization.

3.4 Chlorophyll-a Content
Chlorophyll a level exhibited significant variations across treatments, with the highest concentrations found in treatments C (3.72 mg/L) and D (3.38 mg/L), and the lowest in treatment A (2.33 mg/L). ANOVA analysis (p < 0.05) followed by Duncan's test revealed that treatments C and D were not significantly different from each other, but both were significantly higher than treatments A and B (Fig. 3).



Fig 3.  Chlorophyll a Content in Chlorella vulgaris

Chlorophyll a is central to photosynthesis, acting as the primary pigment responsible for light harvesting. Its content reflects both the physiological state and the photosynthetic efficiency of the culture. The increased pigment concentration under higher salinity conditions could be attributed to two factors: (1) the upregulation of pigment biosynthesis genes under osmotic stress, and (2) increased light absorption requirements under dense culture conditions (Falcioni et al., 2023; Karlický et al., 2021; Simkin et al., 2022).
Interestingly, although treatment C had slightly higher chlorophyll a than treatment D, growth and biomass were still highest in treatment D. This may indicate a decoupling of pigment concentration and productivity at very high salinity levels, possibly due to pigment degradation under extreme osmotic stress or nutrient exhaustion. Chlorophyll degradation under saline stress has been reported in other green algal species as a protective response to photodamage (Liang et al., 2020; Ramachandran et al., 2023; Zhang et al., 2022).
Correlation analysis revealed a strong positive correlation between chlorophyll a concentration and cell density (r = 0.91, p < 0.01), as well as between chlorophyll a and biomass dry weight (r = 0.88, p < 0.01). These values confirm that pigment accumulation can serve as a reliable proxy for photosynthetic performance and culture viability, up to a threshold where elevated salinity begins to induce cellular stress. Beyond this threshold, slight decreases in chlorophyll a may occur even when biomass remains high, suggesting that salinity-induced osmotic stress redirects metabolic energy toward lipid biosynthesis rather than pigment synthesis.

3.5 Lipid Accumulation
Lipid content in C. vulgaris showed a robust increase in response to salinity elevation. Treatment D (34 ppt) yielded the highest lipid content (43.07%), closely followed by treatment C (42.18%). Treatments B and A showed significantly lower values at 38.21% and 27.85%, respectively. ANOVA and Duncan's tests confirmed the statistical significance of these differences (Fig. 4).


Fig 4. Lipid Content in Chlorella vulgaris

These findings corroborate the widely recognized phenomenon of lipid accumulation in response to salinity-induced stress. Under such conditions, microalgae tend to downregulate growth-related pathways and redirect metabolic flux toward neutral lipid synthesis, especially triacylglycerol (TAG) accumulation (Hounslow et al., 2021; H. Li et al., 2021; Su et al., 2021). The positive association between chlorophyll a, biomass, and lipid content observed in this study suggests that up to a certain threshold, salinity stress enhances overall cellular productivity rather than simply inhibiting growth.
Furthermore, the lipid yields recorded in treatments C and D fall within the upper range of those reported in previous studies of C. vulgaris (S. Li et al., 2023), supporting the conclusion that salinity optimization represents a viable approach for maximizing both biomass and lipid output in a single production cycle.
The practical implications are significant for the aquaculture and feed industries, where lipid-rich biomass serves not only as an energy source but also provides essential fatty acids (e.g., EPA and DHA), which are crucial for fish larval development (Aryani et al., 2023; Matsui et al., 2021).

3.6 Water Quality Analysis
Throughout the cultivation period, physicochemical parameters were monitored and maintained within the optimal ranges for C. vulgaris culture (Table 1). Temperature remained stable at 25–26 °C, pH ranged between 7.2 and 8.3, light intensity hovered at 1,541–1,542 lux, and dissolved oxygen ranged from 5.1 to 6.5 mg/L. All parameters fell within documented optimal values for C. vulgaris growth (Ferrer-Ledo et al., 2023; Hawrot-Paw & Sąsiadek, 2023; Pozzobon, 2022; Sánchez-Bayo et al., 2020; Febrieni et al., 2020; Zurano et al., 2020).

Table 1. Water quality parameters
	Parameters
	Unit
	Treatment salinity
	Optimum

	
	
	25 ppt
	28 ppt
	31 ppt
	34 ppt
	

	Temperature
	oC
	25-26
	25-26
	25-26
	25-26
	25 (Hawrot-Paw & Sąsiadek, 2023), 28 (Canelli et al., 2020)

	pH
	-
	7.3-8.1
	7.2-8.1
	7.3-8.1
	7.2-8.3
	7 (Canelli et al., 2020), 8  (Hawrot-Paw & Sąsiadek, 2023)

	Light intensity
	lux
	1,541-1,542
	1,541-1,542
	1,541-1,542
	1,541-1,542
	500 – 5,000 lux (Febrieni et al., 2020) 

	Dissolved oxygen
	ppm
	5.1-6.1
	5.1-6.1
	5.2-6.3
	5.3-6.5
	5 – 13 mg/L (Zurano et al., 2020) 



The consistency in water quality conditions enhances the internal validity of this study by minimizing confounding variables. This ensures that the observed differences in physiological and biochemical responses are attributable to salinity treatment rather than environmental fluctuations.

3.7 Integrative Discussion and Implications
This study provides compelling evidence that salinity plays a multifaceted role in regulating growth, biomass accumulation, pigment biosynthesis, and lipid productivity in Chlorella vulgaris. The optimal salinity range identified (31–34 ppt) appears to stimulate both primary metabolism (growth and chlorophyll) and secondary metabolism (lipid accumulation), offering a rare synergy between productivity and biofunctional quality.
These findings have important implications for the aquaculture and bioresource sectors, particularly in the design of culture protocols for high-value microalgal biomass. Modulating salinity provides a non-invasive, cost-effective approach to enhancing algal quality without the need for genetic modification or chemical additives.
Moreover, the study confirms that C. vulgaris can tolerate moderate hypersaline environments, potentially enabling its cultivation in brackish or waste saltwater systems, thereby contributing to resource-efficient aquaculture and integrated multitrophic systems (IMTA).

4. CONCLUSION
This study demonstrated that salinity is a critical environmental parameter influencing the growth dynamics, biomass yield, chlorophyll a content, and lipid biosynthesis of Chlorella vulgaris. Among the tested salinity gradients (25, 28, 31, and 34 ppt), the highest performance was observed across all measured parameters at 34 ppt, closely followed by 31 ppt. These conditions not only enhanced cell density and biomass productivity but also significantly increased chlorophyll concentration and lipid accumulation, indicating a synergistic stimulation of both primary and secondary metabolism. The findings suggest that moderate hypersaline conditions can be strategically applied to optimize both quantitative and qualitative aspects of C. vulgaris biomass, making it a high-value candidate for biofunctional feed applications. Furthermore, the ability of C. vulgaris to maintain high productivity under elevated salinity highlights its potential for cultivation in saline or brackish water systems, contributing to sustainable aquaculture and circular bioeconomy strategies. Future research will focus on scaling up these findings for industrial applications, with an emphasis on optimizing cultivation techniques in large-scale aquaculture systems to maximize the nutritional and commercial value of microalgal biomass.
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Growth (x 106 sel/mL)




Biomassa (gram)	6.257d
7.533c
9.450b
10.247a

0.1619670748434178	0.36678785875943792	0.32526911934581121	0.30022213997860525	0.1619670748434178	0.36678785875943792	0.32526911934581121	0.30022213997860525	25	28	31	34	6.2566666666666668	7.5333333333333341	9.4499999999999993	10.246666666666664	Salinity (ppt)


Biomass productivity (gram)



Kloreofil-a	2.33c
2.81b
3.72a
3.83a
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Chlorophyll-a Content (mg/L)



Lipid %	27.85c
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43.07a
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