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Effects of the supernatant of Chlorella vulgaris cultivated under different culture modes on lettuce (Lactuca sativa L.) growth
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CO2 capture by microalgae is a feasible strategy to reduce CO2 emissions. However, large amounts of cell-free supernatant will be produced after microalgal harvesting, which may be harmful to the environment if it is disorderly discharged. In this study, Chlorella vulgaris (C. vulgaris) was cultivated under three common cultivation modes (autotrophic culture (AC), heterotrophic culture (HC) and mixotrophic culture (MC)), and the obtained supernatant was used as fertilizer to investigate its effect on the growth of lettuce. The biomass concentration of C. vulgaris cultivated under MC and HC was 3.25 and 2.59 times that of under AC, respectively. The contents of macronutrients in supernatant obtained from AC were higher than those of MC and HC. However, the contents of amino acids and hormones in supernatant obtained from MC and HC were higher than those of AC. The fresh shoot weight, fresh root weight and root length of lettuce treated with supernatant were significantly higher than that of control treatment. In addition, the contents of chlorophyll, soluble sugar and soluble protein in lettuce treated with supernatant were also higher than that of control treatment. However, the contents of nitrate in lettuce treated with supernatant was lower than that of control treatment. These results showed that the supernatant could promote the growth of lettuce and was a potential of fertilizer for crop planting.
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1 Introduction

Atmospheric CO2 concentration has risen by 95 ppm over the last 100 years since the industrial revolution. CO2 is the largest contributor to the greenhouse effect, and the reduction of CO2 level will directly affect the total greenhouse gas emissions. Although there are different CO2 capture approaches, the biological CO2 capture method is a potentially attractive alternative. The rapid growth rate of microalgal cells provides a competitive advantage in carbon sequestration. The carbon sequestration efficiency of microalgae is 10–50 times that of terrestrial plants (1, 2). Moreover, microalgal biomass contains high amounts of primary metabolites and secondary metabolites. These metabolites are useful feedstock for food, feed, energy and high value products. Therefore, microalgal cultivation emerges as an attractive alternative to carbon capture.

A lot of water and nutrients are required in the process of microalgal cultivation, and then a lot of cell-free supernatant will be produced after microalgal harvesting. The supernatant will be harmful to the environment if it is disorderly discharged. Generally, recycling/recovery/reuse of cell-free supernatant is a common method used in traditional microalgal cultivation as it can lead to massive saving in water and chemical consumption, which is essential for the economic viability and sustainability of microalgal cultivation (3). One life cycle analysis for microalgal biodiesel production determined that reusing water could reduce freshwater demand by 84% and nutrient usage by 55% (4). However, organic matter accumulation in the cell-free supernatant, such as polysaccharides, proteins, free fatty acids and cell debris (5–7), which may likely to promote bacterial growth and decrease microalgal growth. In addition, the recycled medium can also affect the cellular lipid, pigment, carbohydrate and protein contents in microalgal cells (5, 8–12). Recently, pretreatment methods have been developed to remove the growth inhibitors in cell-free supernatant. Granular activated carbon absorption, high pH flocculation and ferric chloride flocculation were effective in removing a substantial portion of organic matter in the reused water (13–15). Other studies have shown UV-based advanced oxidation processes UV/peroxydisulfate and UV/H2O2 are a promising pre-treatment technique (16, 17). Thus, while water reuse is generally recognized as desirable, barriers exist to broad implementation.

Microalgal extracts have been widely shown to be biostimulants for higher plants (18–26). Ulothrix sp. and Klebsormidium sp. were used as a high-value organic slow-released bio-stimulant for tomatoes cultivation, which resulted in the increase of the contents of carotenoid and sugar levels (19). Puglisi et al. (24) investigated the effect of the microalgal extracts from Chlorella vulgaris or Scenedesmus quadricauda on the sugar beet germination. It was found that these microalgal extracts exerted a positive effect on sugar beet germination. Mieczyslaw et al. (23) found that polysaccharides of Cyanobacteria and Chlorella species can be beneficial to the growth, development, seed germination, and metabolic activity of corn. Gitau et al. (20) systematically investigated the plant-growth-promoting effects of Chlorella isolates (MACC-360 and MACC-38) and Chlamydomonas reinhardtii (cc124). It was found that Chlorella application led to more robust plants with increased fresh biomass, bigger leaves and more flowers/pods compared to the control and Chlamydomonas-treated samples receiving identical total nutrients. Microalgal extracts possess many growth-promoting properties which include carbohydrates, proteins, lipids, vitamins, micronutrients, macronutrients, and phytohormones. These metabolites are also secreted into the culture medium in the process of microalgal cultivation. In addition, large amounts of residual inorganic salts remain in the culture medium. Therefore, the supernatant may be used as a kind of fertilizer for crop planting.

In this study, we investigated the feasibility of microalgal supernatant as fertilizer for crop planting. C. vulgaris was cultivated under three common cultivation modes, and the obtained supernatant was used as fertilizer to investigate its effect on the growth of lettuce.



2 Materials and methods


2.1 The cultivation of Chlorella vulgaris and lettuce

Chlorella vulgaris was separated from a water sample collected locally (Shanghai), and maintained in petri dishes using BG11 solid medium. C. vulgaris cells were successively transferred from petri dishes to 250 mL flasks, and then cultivated in 400 mL bubble column photobioreactors with 1% CO2 under 100 μmol m−2 s−1 and 25°C conditions. The cells of C. vulgaris were harvested during their logarithmic growth phase by centrifugation. Discarded the cell-free supernatant and rinsed the harvested cells surface with sterile distilled water to remove bacteria. All the harvested cells were resuspended into the required culture medium and used in the following experiments.

Three common cultivation modes were selected for C. vulgaris cultivation, including autotrophic culture (AC), heterotrophic culture (HC) and mixotrophic culture (MC), with three replicates for each mode. For AC, C. vulgaris was cultured in a 1 L Erlenmeyer flask (working volume 800 mL) with an initial concentration at OD680 of 0.05, and the culture conditions were as follows: the culture medium was BG11 medium, CO2 concentration was 1% with air filtering by 0.22 μm filter membrane, the light intensity was 100 μmol m−2 s−1 and the room temperature was 25°C. For HC, the culture medium was BG11 medium, in which 20 g/L glucose was added as the only carbon source and energy source. The light and CO2 conditions were removed. The air filtered by the filter membrane (0.22 μm) was used for uniform mixing of microalgal cells. For MC, 20 g/L glucose were added into BG11 medium as the culture medium, and other cultivation conditions are the same as AC. All the treatments were static in bench shelves with the aeration rate of 0.3 L/min. Samples were taken every day to measure the optical density and dry weight of C. vulgaris cells. The cells of C. vulgaris were harvested after 4 days in MC and 5 days in AC and HC. The culture was centrifuged at 6000 rpm for 10 min to collect the cell-free supernatant, and the obtained cell-free supernatant was stored at −20°C until use.

Seeds of lettuce (Lactuca sativa L.) cultivar “Grand Rapids” (USA) were soaked in deionized water at 30°C for 4 h to improve germination rate. The pre-mixed nutrient soils (organic fertilizer and coconut bran, 1:1 (v/v)) were put into the seedling trays and watered thoroughly. The seedling trays were cultured in an artificial climate box. The temperature was set at 25°C during the day and 20°C at night. After germination, keep two lettuce seedlings in each hole. Seedlings with 3–4 true leaves were transplanted.



2.2 Lettuce growth experiment

In order to investigate the effect of supernatant of C. vulgaris cultivated under different cultivation modes on the growth of lettuce, four treatments were set up, which included treatment 1 (control, CK), treatment 2 (mixotrophic culture, MC), treatment 3 (heterotrophic culture, HC) and treatment 4 (autotrophic culture, AC) with six replicates for each treatment. Each pot contained 2 L of nutrient soils (organic fertilizer and coconut bran, 1:1 (v/v)). 24 lettuce plants with the same size and growth state were selected and one seedling of the lettuce was grown in each pot. Fertilizer treatment was carried out on the day of transplanting lettuce. Every pot was firstly irrigated with 100 mL of garden nutrient solution (GNS), and then 50 mL supernatant obtained from MC, HC and AC were correspondingly added to treatment 2, 3, and 4, respectively. At day 4, 50 mL of water was added to the control group. 50 mL of the obtained supernatant was added to AC, HC and MC groups, respectively. In addition, all the treatment groups were irrigated with 100 mL of GNS at day 7 and day 11, respectively. Table 1 shows the amounts of fertilizer applied in each treatment group.



TABLE 1 The amounts of fertilizer applied in each treatment group.
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2.3 Analytical methods


2.3.1 Optical density and dry weight of Chlorella vulgaris

5 mL sample was filtered using a pre-dried and pre-weighed cellulose membrane (0.45 μm pore size), washed with deionized water, dried for 24 h at 105°C, cooled in a desiccator and then weighed again to determine uncorrected dry algae biomass. The dry weight of the blank filter was subtracted from that of the loaded filter to obtain the corrected algae dry cell weight. The optical density of cells in culture was determined by the measured absorbance with an HACH-DR2800 spectrophotometer at 680 nm.



2.3.2 Determination of the composition of supernatant

The composition of supernatant was examined using ICP-MS method, which contained total phosphorus (TP), total potassium (TK), calcium, magnesium, iron, copper, molybdenum (27). Weighed the appropriate amount of sample into the PTFE digestion tank and added 5 mL of nitric acid. After the reaction was finished, sealed the lid and put it into the microwave disintegrator. After the temperature was cooled down to below 50°C, took out the digestion tank and put it into a fume hood, opened the digestion tank, rinsed it with ultrapure water, transferred it to a 25 mL volumetric flask, rinsed it at least 3–4 times, diluted it with ultrapure water and set the volume to the scale, and then wait for the test. The blank control was treated in the same way. The total carbon (TC) and total nitrogen (TN) were analyzed by Total Organic Carbon Analyzer (Shimadzu, TOC-L, SSM-5000A, Japan; (28, 29)). The hormone components including auxin, gibberellin and abscisic acid were analyzed using LC–MS method (21). The amino acid contents were analyzed using HPLC method (30).



2.3.3 Lettuce harvest and determination

The lettuce was harvested and sampled 15 days after transplanting. Three leaves per pot were selected and dark-adapted for 30 min using dark-adapted leaf clips to hold the lettuce leaves in place. The chlorophyll fluorescence quantum yield (Fv/Fm) was determined by Hansatech Fluorescence Monitoring System (FMS-2). The excess soil of lettuce roots was washed away and the residual water on the surface of lettuce was absorbed with absorbent paper. Then the root length, the fresh weight of shoot and root were measured, respectively. Representative lettuce samples were taken, chopped and mixed, and prepared as a homogenate using a tissue masher. Chlorophyll content was determined by ethanol-acetone extraction method according to the agricultural industry standard of China (NY-T 3082-2017). The soluble sugar was determined by Anthrone-colorimetric method (31), the vitamin C content was analyzed according to the national standard of China (GB 5009.86-2016) and the vitamin E content was measured by kit (Beijing Solarbio), the soluble protein was determined by Coomassie brilliant blue-staining method (31), and the nitrate content was determined by salicylic acid method (32).




2.4 Statistic analysis

The measurements of growth parameters were subjected to one-way analysis of variance (ANOVA) to test difference among means via SPSS software (SPSS Inc., Chicago, United States). Differences were assessed using the least significant difference calculations at a 5% confidence level in order to make treatment mean comparisons.




3 Results and discussion


3.1 The growth of Chlorella vulgaris cultivated under AC, HC, and MC

Generally, according to carbon source and energy supply mode, microalgal cultivation methods can be divided into the following three types: AC, HC and MC. In this study, C. vulgaris, one of commercialized typical microalgal strains, was cultured under the three culture modes. The growth curves were shown in Figure 1. It could be seen that different culture modes had a great impact on the growth of C. vulgaris. For AC, the growth rate of C. vulgaris was relatively slow, and the dry weight was 0.51 g L−1 after incubation 5 day. C. vulgaris grown with CO2 as the unique carbon source, light provided all the energy required for biomass production. The efficiency of light harvesting, energy conversation and CO2 fixation limited the growth rate of C. vulgaris (33). Under HC and MC, C. vulgaris grew faster and the dry weights were 1.32 and 1.66 g L−1, which were 2.59 and 3.25 times that of AC, respectively. The growth characteristics of C. vulgaris under the three cultivation methods were consistent with the previous studies (33, 34). Many studies have shown that C. vulgaris can use glucose, glycerol, and acetate as carbon sources, and glucose is the most commonly used organic carbon source in microalgal culture, which produces more energy per mole compared to other carbon substrates (33). Therefore, the growth rates of C. vulgaris under MC and HC were significantly higher than that under AC. Compared with HC, the growth of C. vulgaris under MC could utilize organic carbon and inorganic carbon at the same time, which resulted in higher growth rate and biomass concentration. Wang et al. (35) reported that the growth of C. vulgaris were different under autotrophic, heterotrophic and mixotrophic culture. Heterotrophic and mixotrophic culture could significantly increase the biomass and specific growth rate of algal cells, which was more than 2 times that of autotrophic culture.

[image: Figure 1]

FIGURE 1
 Growth curves of C. vulgaris under different cultural modes (autotrophic culture (AC), heterotrophic culture (HC) and mixotrophic culture (MC)): (A) OD680 and (B) dry weight. Different letters indicate significant difference (p < 0.05), according to one-way ANOVA.




3.2 The composition of supernatant of Chlorella vulgaris cultivated under AC, HC, and MC

There were significant differences in the growth characteristics of microalgae and the nutrient utilization rate of the culture medium under the three culture methods, which resulted in the different content of residual nutrients in the culture medium. At the same time, the extracellular metabolites in the process of microalgal cultivation are different under different culture modes (33, 34, 36). Therefore, the obtained supernatant after microalgae harvest may produce different effects when it was used as fertilizer for crop planting.

As shown in Table 2, the nutrient contents of the supernatant were different under different culture modes. For macroelement, the concentrations of TN, TP, TK under AC were higher than that of under HC and MC. The concentration of TN under AC was 427.58 mg L−1, which were 2.79 and 3.66 times that of under HC and MC, respectively. On the contrary, the concentrations of TC under HC and MC were much higher than that of AC. However, the changes of Ca and Mg concentrations in different culture modes did not show a certain regularity. For trace elements, the concentrations of Fe and Mo under AC were higher than that of under HC and MC. The change of Cu concentration was opposite to that of Fe and Mo. As mentioned above, the C. vulgaris biomass of HC and MC was 3.25 and 2.59 times higher than that under AC, respectively. Thus, more biomass concentrations resulted in fewer remaining nutrient contents in the culture medium. The higher nutrient contents in the supernatant under AC than that under HC and MC might be caused by the lower biomass. However, TC concentrations of HC and MC were higher than those in AC, possibly due to the addition of 20 g L−1 glucose in the culture medium of HC and MC. Li et al. (37) also reported that the nitrogen utilization rate of C. vulgaris under autotrophic condition was significantly lower than that under heterotrophic and mixotrophic conditions, while the utilization rate of glucose under heterotrophic and mixotrophic conditions was basically the same.



TABLE 2 The nutrient contents of supernatant in AC, HC, and MC.
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It has been proved that high amounts of metabolites could be secreted in the process of microalgal cultivation (38–40). The microalgae C. vulgaris is rich in chlorophyll, proteins, polysaccharides, vitamins, minerals, and essential amino acids (41). Amino acids are synthesized in microalgal cells and are also present in extracellular secretions. Granum et al. (42) investigated intracellular and extracellular production of amino acids by the marine diatom Skeletonema costatum. The results showed the composition of the extracellular free amino acids changed significantly from exponential to stationary growth phase. The proportions of acidic and small amino acids decreased, while large hydrophobic amino acids increased in accordance with intracellular changes. Perera et al. (43) investigated the effect of inorganic nitrogen sources on the extracellular metabolites of two microalgal strains Tetradesmus obliquus IS2 and Coelastrella sp. IS3. The composition of amino acids such as glutamate, aspartate, GABA and alanine varied with the ratios of nitrate and ammonium in the medium. Amino acids have many functions in agricultural cultivation, such as improving yield and yield components, improving nutrient assimilation and stress resistance, improving yield components and quality characteristics (44). Qu et al. (39) found that extracellular metabolites of heterotrophic Auxenochlorella protothecoides have obvious biostimulating effects on higher plant growth, and the content of amino acids in extracellular metabolites could reach to 0.102%. Table 3 showed the amino acid contents of supernatant in AC, HC and MC. It can be seen that the cultural conditions significantly affected the composition of amino acids in the supernatant. All the treatments contained 18 kinds of amino acids, including essential and non-essential amino acids. The essential amino acids accounted for 43.5, 57.0, and 29.3% of the total amino acids in AC, HC, and MC, respectively. HC had the highest the essential amino acids account rate compared with AC, the contents of amino acids in HC and MC were more similar. However, most of the contents of amino acids in MC treatment were much higher than that in HC and AC except for Cys and Met. These results indicated that light and carbon sources significantly affected the utilization of carbon and nitrogen by C. vulgaris, which resulted in the changes in the amino acid metabolism pathway. Han et al. (45) also reported the types and contents of metabolites of microalgae were greatly affected by different nutrient modes, which the biomass and lipid productivities of C. vulgaris with heterotrophic seed were 1.48 and 1.42 times higher than those with photoautotrophic seed. The nitrogen metabolism was linked with carbon metabolism in microalgae since they shared carbon supply and energy generated in the TCA cycle and in the mitochondrial electron transport chain (34, 46). Gao et al. (47) reported that the free amino acid contents were ranked from high to low as follows: mixotrophic group, heterotrophic group and autotrophic group. The mixotrophic group had the highest essential amino acid content between three modes.



TABLE 3 The amino acid content of supernatant in AC, HC, and MC.
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Microalgal cells can secret phytohormones such as auxin, cytokinins, abscisic acid and ethylene, which play an important role in regulating cell growth, development and adapting to external environment (48). As shown in Tables 4, 5, all the treatments included indoles, cytokinins, abscisic acid, salicylic acid and gibberellic acid. Auxin is an essential regulator in various plant developmental processes. Its chemical essence is indoleacetic acid (IAA), which can promote growth at low concentration and inhibit growth and metabolism at high concentration (49). Indoles included IAA, IAAME, 13CA, IAId. The content of IAId was the highest among all types of phytohormones. Furthermore, the content of IAId was 399.27 ng/mL in MC, which was significantly higher than that in other treatments. AC had the lowest content of indoles since the slow growth rate and low biomass. Unlike the indoles content, the content of cytokinins in HC treatment was significantly higher than that in MC which included Zeatin, CZ, TZ, ZR, CZR, TZR, DZ, DZR, IP and IPR. Abscisic aicd (ABA) is a typical plant hormone. It is involved in abiotic stress response in plants, and plays an important role in regulating water balance and osmotic stress tolerance (50). The content of ABA showed no significant difference in AC, HC and MC ranged from 0.03 ng/mL to 0.06 ng/mL. Salicylic acid including SA and MESA in MC was higher than that in HC and AC although there was no significant difference. Moreover, SA was the main component in the supernatant varied from 13.20 ng/mL to 25.07 ng/mL under different cultural conditions. The most prominent role of gibberellin (GA) is to stimulate the elongation of cells and promote cell division, which can promote cell expansion (21). Moreover, the content of gibberellin (GA4) in MC was significantly higher than that in AC and HC. These phytohormones in the supernatant C. vulgaris might promote the growth of lettuce.



TABLE 4 The phytohormones content of supernatant in AC, HC, and MC.
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TABLE 5 Different categories of phytohormones in AC, HC, and MC.
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3.3 The effect of supernatant on the growth of lettuce

In order to investigate the possibility of supernatant as fertilizer, the lettuce planting experiment was carried out with the supernatant obtained under three culture modes, and with deionized water as the control. As shown in Figure 2, the groups treated with supernatant exhibited a growth-promoting effect compared with the control group. The supernatant obtained from different culture modes also had different effects on the growth of lettuce.

[image: Figure 2]

FIGURE 2
 Effects of supernatant obtained from different cultivation modes (autotrophic culture (AC), heterotrophic culture (HC) and mixotrophic culture (MC)) on the development of shoot (A) and root (B) of lettuce. Different letters indicate significant difference (p < 0.05), according to one-way ANOVA.


The fresh root and shoot weight, and the root length of lettuce were measured and shown in Figure 3. It can be seen that the fresh root weights of lettuce treated with the supernatant were higher compared with the control group. The lettuce treated with the supernatant of AC had the highest root weight, and there was no significant difference among the three different culture modes. However, they were significantly higher than the control group, with an increase of 48.5, 53.4, and 91.0%, respectively (Figure 3A). At the same time, the application of supernatant also promoted the root length. As shown in Figure 3B, it can be seen that the root length of lettuce treated with the supernatant of AC was significantly higher than that of other treatments. The changes of the fresh shoot weight of lettuce were consistent with that of root. The three supernatant treatment groups were significantly higher than the control group. Compared with the control group, the three supernatant treatment groups increased by 35.8, 47.0, and 81.0%, respectively. The fresh shoot weight of lettuce treated with the supernatant of AC reached to 10.31 g, and was significantly higher than that of lettuce treated with the supernatant of HC and MC.

[image: Figure 3]

FIGURE 3
 Effects of supernatant obtained from different cultivation modes (autotrophic culture (AC), heterotrophic culture (HC) and mixotrophic culture (MC)) on the root weight (A), root length (B), shoot length (C), and Fv/Fm (D) of lettuce. Different letters indicate significant difference (p < 0.05), according to one-way ANOVA.


Chlorophyll fluorescence parameters can reflect the changes of light utilization of plants under environmental stress (51). The Fv/Fm values of lettuce were measured and shown in Figure 3D, and it was found that Fv/Fm values of all treatment groups were between 0.88–0.90. There was no significant difference between all the treatment groups, which indicated the nutrients in each treatment group, including the control group, did not affect the normal photosynthesis of lettuce.

Figure 4 showed the effects of different treatments on the nutrient contents of lettuce. It can be seen that the chlorophyll content of AC was significantly higher than that of the other three groups, and there was no significant difference between the other three groups (Figure 4A). The content of soluble sugar in MC group was the highest and significantly higher than that in the control group, but there was no significant difference compared with AC and HC groups (Figure 4B). The supernatant of C. vulgaris increased the protein content of lettuce, but there was no significant difference (Figure 4C). As shown in Figure 4D, the nitrate content of lettuce in the control group was highest among all the treatment groups, and significantly higher than that of MC group which indicated that supernatant might have the positive effects on reducing nitrate accumulation in lettuce. Excessive nitrate can be reduced to nitrite, which can be further transformed into a strong carcinogen nitrosamine, causing cancer. A large number of studies have shown that 60%–80% of nitrate consumed by human body coming from vegetables (52). Lettuce is easy to accumulate nitrate, so the nitrate content of lettuce is a very important index to evaluate the quality of lettuce. Vitamin C (VC) and vitamin E (VE) have antioxidant effects and are indispensable substances for human body (53). There was no significant difference in the contents of VC and VE among all the treatments, indicating that the supernatant could not improve the contents of VC and VE in lettuce (Figures 4E, F).

[image: Figure 4]

FIGURE 4
 Effect of supernatant obtained from different cultivation modes (autotrophic culture (AC), heterotrophic culture (HC) and mixotrophic culture (MC)) on the contents of chlorophyll (A), soluble sugar (B), soluble protein (C), nitrate (D), vitamin C (E) and vitamin E (F) of lettuce. Different letters indicate significant difference (p < 0.05), according to one-way ANOVA.




3.4 Pearson’s correlations between lettuce growth parameters and supernatant nutrients

Table 6 showed the relationship between phytohormones content of supernatant and the growth parameters of lettuce under different treatments. It can be seen that the chlorophyll content and shoot weight of lettuce was significantly positive with the most nutrients and phytohormones except for Ca, Cu, Mo and cytokinins. Mutale-Joan et al. (54) evaluated the effects on nutrient uptake of extracts obtained from microalgae on tomato seedlings. The results showed that root N concentration was more closely associated to shoot dry weight and chlorophyll content in leaves, while P and K levels in roots were closely associated with enhanced root length. Compared to control treatment, the nutrient content of supernatant improved the lettuce growth, and this was the reason why the shoot weight of lettuce was significantly higher treated with supernatant from different cultures than that in control treatment. Haroun and Hussein (55) reported that treating seed priming of Lupinus termis with culture filtrates of two blue-green algae led to an increase in chlorophylls in leaves, consequently increasing the photosynthetic activity, content of carbohydrates and nitrogenous compounds in the shoot.



TABLE 6 Pearson’s correlations between lettuce growth parameters and supernatant nutrients.
[image: Table6]

The content of NO3−N was negatively with almost all the factors, moreover, it was significantly negative with Cu content of supernatant. Differently, sugar content showed a significant positive relationship with Cu. It was noteworthy that the shoot weight was significantly influenced by the supernatant nutrients and phytohormones. Compared with control treatment, whether autotrophic or heterotrophic treatment had different amounts of biostimulants which could enhance plant growth and reduce biotic and abiotic stresses (22). It was found that the root weight was significantly positive with abscisic acid and indoles, and the root length was positive with abscisic acid although it was not significant. It has also been reported that high levels of abscisic acid was found to promote root elongation and growth through suppressing ethylene synthesis, which in turn reduces IAA transport and biosynthesis in the root tip (56).




4 Conclusion

In this study, C. vulgaris was cultured under three common microalgal culture methods, and the composition of the supernatant of C. vulgaris culture were analyzed and compared. The supernatant was used in the pot experiment of lettuce, ant the results showed that the supernatant could promote the growth of lettuce. It provides a solution for the utilization of supernatant after microalgae harvesting.
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