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Introduction

Chlorella is a green single-celled alga (Bito et al., 2020) that is easily cultivable, and it consists of 20% lipid content from dry biomass (Scarsella et al., 2010; Al-lwayzy et al., 2014). It is also the most popular microalga in the market and is often selected due to the higher level of carotenoids present and its ability to grow in a wide variety of climatic conditions (Gors et al., 2009). Chlorella has a high content of about 51%–58% protein, 12%–17% carbohydrate, and 14%–22% lipid (calculated as % of dry matter). Most importantly, its growth rate and biomass production largely depend on environmental factors (Spolaore et al., 2006).

Microalgae have received a lot of attention due to their potential benefits in many applications, and therefore, enhancing the biomass by regulating environmental factors responsible for the growth becomes necessary for feasible algal culture (Khan et al., 2018). The chemical composition of algae (cellular content) varies according to species and its physiological responses to biotic and abiotic factors such as temperature, illumination, pH, nutrients, and growth phase (Brown et al., 1993; Carvalho and Malcata, 2000). Apart from light intensity, other physicochemical parameters like temperature, pH, and salinity are also the vital environmental factors that influence the photosynthetic activity and behavior of microalgal growth rate (Blinová et al., 2015). Pulz and Gross (2004) stated that successful algal biotechnology mainly depends on selecting the right species with relevant properties for specific culture conditions and products.

Numerous studies have documented that environmental factors such as temperature, pH, salinity, and light have a substantial impact on the growth of microalgae (Mata et al., 2010; Zongo and Boussim, 2015; Chowdury et al., 2020). In general, studies on microalgae have shown that their growth was significantly enhanced when one or two optimum environmental factors were combined. The compensatory effects of numerous factors are observed to be responsible for this improvement (Cheng and He, 2014; Salama et al., 2018). The current study will explore how Chlorella vulgaris would respond to the ideal environmental parameters such as temperature, pH, salinity, and light intensity, both individually and in combination. The present study is an attempt to achieve high growth and biomass production with optimized environmental variables.



Methods


Sample collection and growth determination

The NIOT vessel Sagar Paschimi was used for a scientific cruise to survey the microalgal diversity near the Puducherry coast. The study species C. vulgaris was isolated from the coastal waters (11° 54′ 27.54″ N; 79° 49′ 35.70″ E) and identified (JF894249, NCBI GenBank, USA) and deposited in a public repository at National Facility for Marine Cyanobacteria, Bharathidasan University, India (Accession number, BDU GD 003). The micro algae were cultured in 20-L polycarbonate carboys using F/2 medium (Guillard). The cell growth was monitored by cell count with the help of a Neubauer chamber (Santos and Mariano, 2014). The dry biomass was estimated by filtering 5 ml of the sample using 0.22-µm GFC filter paper and dried in a hot air oven for 24 h maintained at 70°C (Zhu and Lee, 1997).



Experiments on temperature, pH, salinity, and light intensities

The effects of physicochemical parameters like temperature, pH, and salinity were examined to identify the optimal growth conditions for C. vulgaris. Different temperatures like 20°C, 25°C, 30°C, 35°C, and 40°C were attempted in this experiment using separately controlled incubators (Scigenics Biotech, Orbitek) fitted with fluorescent lamps (42 µmol m−2 s−1). Similarly, studies were conducted at different pH, viz., 6, 7, 8, 9, and 10. The pH of the culture medium was measured using a pH meter (Metrohm), and the pH level was adjusted using NaOH and HCl to raise or lower the value. In another set of experiments, the effect of salinity on the growth rate was carried out at different salinities (0, 10, 20, 30, and 50 Practical Salinity Unit (PSU)). Salinity was determined using a refractometer (Atago, Japan), and the culture medium was adjusted with distilled water or NaCl to either reduce and/or increase the salinity. Experiments on different light intensities was carried out under phototrophic conditions using fluorescent lamp (Philips 23W) covered with different colored filters such as red (700–625 nm), orange (624–600 nm), blue (499–465 nm), violet (425–400 nm), green (569–500 nm), and yellow (599–670 nm), along with one positive control (+) (white light, 400–700 nm) and negative control (−) (dark).

The experiments were conducted over a 15-day period in triplicate. The biomass was estimated every 5 days, and the cell count was monitored daily. The values are expressed as mean ± S.E. The SPSS software (version 20.0) was used for the statistical analysis. To find out statistical differences, the data were subjected to a two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison post hoc test. Differences were statistically significant at p < 0.05 and p < 0.001.




Results and discussion

In the present investigation, a higher growth rate was observed at 25°C in terms of cell count and biomass. The trend was then followed by 20°C and 30°C compared with 35°C and 40°C on the 15th day (Figure 1A). Higher biomass of around 1.0 g L−1 was achieved on the 10th day itself at 25°C (Supplementary Figure 1), and in some cases, maximum cell counts were observed from the 10th to 12th day of the experiment. In line with our observation, a report has documented that the optimum temperature for freshwater Chlorella is also 25°C (Singh and Singh, 2015). Another study has revealed that C. vulgaris cells were able to tolerate a higher temperature of even 40°C (Sharma et al., 2012). Our findings indicated that C. vulgaris can grow in a wide range of temperatures (20°C–35°C), but the best growth rate was noticed at 25°C, followed by 20°C. Importantly, the biomass tends to decrease at higher temperature.




Figure 1 | (A) Growth of C. vulgaris culture at different temperature. (B) Growth of C. vulgaris culture at different pH. (C) Growth of C. vulgaris culture at different salinities. (D) Growth of C. vulgaris culture at different light intensities. (Experiments were conducted in triplicate and the values are expressed as mean ± S.E.).



Among the cultures maintained at different pH, pH 8.0 showed higher growth rate followed by pH 9.0 and 7.0 (Figure 1B). Cultures maintained at pH 6.0 and 10.0 are also observed with a considerable growth rate. A report has documented that C. vulgaris can grow in a wide range of pH, from 4 to 10 (Khalil et al., 2010). From the results of the present study, it was concluded that higher biomass production was obtained on 15th day, between pH 8 (0.959 g L−1) and 9 (0.924 g L−1) compared with other pH conditions (Supplementary Figure 2). Earlier reports have suggested that microalgal cultures grown at pH 8 to 9 favor high growth and biomass production (Difusa et al., 2015; Bartley et al., 2016; Qiu et al., 2017). Our study results indicated that all pH conditions tested (6–10) supported the growth of the algae, with the best growth rate being at pH 8, followed by pH 9.

The influence of different salinities (0, 10, 20, 30, and 50 PSU) was investigated in the present study on the growth rate of C. vulgaris. The better growth rate in terms of cell counts (Figure 1C) and biomass was observed at 30 PSU, followed by 20, 10, 0, and 50 PSU (Supplementary Figure 3). Previous studies have shown that the highest growth rate in terms of cell counts was observed at 30 PSU on the 15th day of the experiment (Jiang and Chen, 1999; Ranga Rao et al., 2007). In the present study, 30 PSU resulted in higher biomass (1.0 g L−1) on the 10th day compared with other salinity groups, and this observation is supported by a previous study by Fathi and Asem (2013). Interestingly, an important observation was noticed during the experiment, which highlighted that 0 PSU showed a better growth rate and biomass production than 50 PSU.

In the different light intensities experiments conducted under phototrophic conditions, blue light followed by red exhibited a significant increase in cell count (Figure 1D) on 15th day. Asuthkar et al. (2016) demonstrated that Chlorella pyrenoidosa cultured under blue light showed a higher growth rate than under red and white lights. In the present study, colored lights such as green and yellow showed fewer cell counts compared with control+ (white light). The results of the present study revealed that a higher biomass production was recorded on the 15th day in blue light–exposed cells (1.3 g L−1), followed by red (1.14 g L−1) and other light-exposed cells (Supplementary Figure 4).

On the basis of individual tests performed under various environmental conditions, the ideal environmental factors were combined and evaluated for the growth rate of C. vulgaris. The culture was kept at 25°C, pH 8.0, and 30 PSU with light covered with a blue filter. The results were fascinating in that the maximum production of cells and biomass (1.52 g L−1) was recorded under the blue light on the 10th day and was also the highest outcome in comparison with previous trials (Figures 2A, B). A study has also demonstrated that Pavlova lutheri grows at its maximum specific growth rate and has the highest lipid content when exposed to 30 to 40 PSU, pH 7.5 to 9.0, and 24 h of light (Shah et al., 2014). The findings of this study show that blue wavelengths, when combined with optimized environmental factors, favored the better growth rate of the algae and also enhanced the biomass production to a significant extent.




Figure 2 | Combined experiment with optimized environmental variables: (A) cell growth and (B) biomass production. Experiments were conducted in triplicate and the values are expressed as mean ± S.E. The same letters (a, b, and c) indicate no significant difference between exposure groups at different exposure periods, whereas different letters indicate statistically significant differences (p < 0.05) between different exposure periods and groups.





Conclusion

It can be concluded that a temperature of 25°C, pH 8.0, salinity of 30 PSU, and blue light (499–465 nm) are the ideal parameters for the best growth of C. vulgaris. A combined experiment with optimized environmental factors showed enhanced growth rate and higher biomass production. Further, experiments are being explored to utilize the chlorella biomass to extract the most vital bioactive compounds and evaluate its pharmacological properties.
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