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The dietary supplementation of Haematococcus pluvialis is a natural, safe, and sustainable method for fish pigmentation. However, astaxanthin-rich H. pluvialis cysts have a poor effect in pigmenting salmonid flesh due to their rigid and thick cell wall. H. pluvialis thin-walled motile cells have recently attracted attention due to their potential advantages in maintaining compound stability, easy digestion, enhancing the bioavailability of carotenoids, and reducing production costs. This study aimed to investigate the effect of various nitrogen concentrations and light intensities on astaxanthin production in motile cells. We first investigated the effect of four different concentrations of nitrogen on astaxanthin accumulation in motile cells. According to the results, the motile cells had the highest astaxanthin concentration and content under the 0 N condition. Then, we compared the differences in astaxanthin production in motile cells under three different light intensities under 0 N conditions. The results showed that after four days of treatment, the protoplasts of the motile cells in the medium light (ML) group and the high light (HL) group had distinct granularity. The cell mortality rate in the HL group reached more than 15%, which was significantly higher than that in the low light (LL) and ML groups, indicating that high light intensity was not suitable for inducing motile cells to accumulate astaxanthin. There were no significant differences between the LL and ML groups in astaxanthin content, motile cells percentage, and cell mortality rate. Considering these indicators, we recommended inducing motile cells to produce astaxanthin under low light conditions because it is more economical in terms of electricity consumption. This study added to the knowledge that nitrogen and light affects the accumulation of astaxanthin in H. pluvialis motile cells. The results would help determine the optimal nitrogen and light conditions in astaxanthin production from motile cells.
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1 Introduction

Farmed fish is globally recognized as one of the healthiest foods (Tacon and Metian, 2013) and plays a significant role in global food security and nutrition strategies. With the continuous increase in the scale of aquaculture, people have higher and higher requirements for farmed fish. Fish flesh color plays an important role in consumer sensory evaluation and sales price (Hart and Colombo, 2022). While flesh color doesn’t directly affect flesh quality, consumers often consider it as a sign that fish is fresh and tasty or not (Yesilayer, 2020). Astaxanthin is the main carotenoid responsible for the red or pink pigmentation of most wild salmonids (Nogueira et al., 2021), and accounts for more than 85% of the total carotenoid content in salmonids fresh (Torrissen et al., 1995). Feeding salmonids’ diets containing astaxanthin has become the main means of improving their flesh and skin color (Tejera et al., 2007; Kalinowski et al., 2011; Rahman et al., 2016). At present, synthetic astaxanthin occupies more than 95% of the market share astaxanthin (Shah et al., 2016), which is widely used in aquaculture due to its lower production cost (Panis and Garreon, 2016; Li et al., 2020a). However, it has raised consumer concerns about food safety, pollution, and sustainability due to synthetic astaxanthin derived from petrochemicals (Li et al., 2011; Stachowiak and Szulc, 2021). Consumer preference is shifting towards nature astaxanthin (Young et al., 2017; Viera et al., 2018).

Microalgae as fish feed additives have advantages in terms of safe availability of ingredients, ease of cultivation operations, and sustainability of production. H. pluvialis could accumulate high levels of astaxanthin (3-5% dry weight) (Lorenz and Cysewski, 2000; Ambati et al., 2014) and is regarded as the most potent natural source of astaxanthin (Bowen et al., 2002). Several studies indicated that dietary supplementation of H. pluvialis would improve the color, immune and antioxidant capacity of fish (Moretti et al., 2006; Sheikhzadeh et al., 2012; Li et al., 2018; Yu et al., 2021). However, H. pluvialis red cysts typically have thick and less digestible cell walls (Hagen et al., 2002; Shah et al., 2016), which reduce the bioavailability of astaxanthin (Sommer et al., 1991; Choubert et al., 2006). As a result, the tissue pigmentation levels of fish fed H. pluvialis were generally lower than those in fish fed synthetic astaxanthin (Choubert et al., 2006; Li et al., 2014). Recent studies suggested that whole-celled H. pluvialis with thin cell walls achieves the same efficiency at pigmenting the flesh of rainbow trout as synthetic astaxanthin (Hart and Colombo, 2022). It was attributed to the ease of digestion of H. pluvialis thin-walled cells.

There are various types of cells in the H. pluvialis life cycle, including motile cells, nonmotile cells, and red cyst cells (Li et al., 2019a), and only motile cells have thin cell walls. More attention has been paid in the past periods to enhancing astaxanthin accumulation in the thick-walled cysts (Boussiba and Vonshak, 1991; Kobayashi et al., 1997; Li et al., 2019b; Fang et al., 2020), but less attention has been paid to motile cells. Previous studies have shown that nitrogen and light intensity play critical roles in the astaxanthin accumulation in H. pluvialis (Borowitzka et al., 1991; Fábregas et al., 1998; Orosa et al., 2005). However, little is known about the effects of nitrogen and light intensity on astaxanthin accumulation in motile cells. In this study, we first investigated the effect of four different concentrations of nitrogen on the accumulation of astaxanthin in motile cells and determined the optimal nitrogen concentration to induce motile cells to produce astaxanthin. The effect of three light intensities on the astaxanthin accumulation in motile cells were then investigated at this nitrogen concentration. The results would help determine the optimal nitrogen and light conditions in the production of astaxanthin from H. pluvialis motile cells.



2 Materials and Methods


2.1 H. pluvialis Strain and Growth Conditions

H. pluvialis CCMA-451 (Genbank accession number MG847145) was acquired from the Center for Collections of Marine Algae of Xiamen University (CCMA). The motile cells were grown photoautotrophically in liquid 3N-BBM (Bold Basal Medium) at 30 μmol m-2 s-1 (side, white light) for 10 days.



2.2 Experimental Design

The first experiment was the effect of different nitrogen concentrations on astaxanthin accumulation in motile cells. Four different nitrogen (NaNO3) concentrations were tested, including 0 N, 0.5-fold N, 1-fold N (250 mg/L), and 3N. The experiment was carried out under the condition of 30 μmol m-2 s-1 light intensity.

For the second experiment, under the conditions of nitrogen concentration screened in experiment 1, motile cells were treated under the conditions of nitrogen concentration screened in experiment 1 with three light intensities: 30, 80, and 150 μmol m-2 s-1, representing a low (LL), medium (ML), and high light (HL), respectively.

The 10-day-old motile cells were collected by centrifugation (3000 rpm, 2 min) for experiments. All experimental groups were performed in 1 L glass columns (inner diameter 5 cm) at an initial optical density of 0.5 (OD680) in 25 ± 1°C for 4 days, with three parallels per group. The cultures were mixed by continuous bubbling with 1.5% CO2 gas at 0.5 vvm.



2.3 Analytical Methods

For cell numbers determination, samples were fixed with Lugol’s iodine solution first, and then the cell number was counted by a Neubauer improved cell counting chamber under Olympus BX53 light microscope.

Dry weight (DW) is determined daily according to Li et al. (2019a). Briefly, 10 mL algal suspension were filtered by passing through a pre-weighed (m1) filter paper (47 mm, 1.2 μm, Whatman GF/C). Then dry the filter paper overnight at 90 °C to a constant weight (m2). The DW was calculated with Eq. 1.



 

Astaxanthin concentration (AC) is determined by the photometric method Li et al., 2020b). Briefly, algal cells were collected from a 10 mL sample by centrifugation (3000 rpm, 2 min) and then treated with 5% (w/v) KOH in 30% (v/v) methanol at 75 °C for 10 min. The remaining pellet was added 25 μL acetic acid first and then extracted with 5 mL DMSO for 10 min in a water bath at 75 °C. The supernatant was collected after centrifugation (10000 rpm, 5 min). The extraction procedure was repeated several times until the pellet became colorless. Finally, the absorbance of the extract was measured at a wavelength of 492 nm.

 

where A492 was the absorbance of extracts at 492 nm and Va was the volume of extracts.

The morphological changes of algal cells were examined daily using Olympus BX53 light microscope and the microphotographs were taken with an Olympus DP74 digital camera. Since the shape of motile cells is irregular, the cell size is characterized by the protoplast length and measured by Olympus application software with an internal reticle scale. No less than 300 cells per group were used for cell size statistics.

All data were subjected to an analysis of variance (ANOVA), and differences at p ≤ 0.05 were considered statistically significant.




3 Results


3.1 The Effect of Different Nitrogen Concentrations on Astaxanthin Production in Motile Cells


3.1.1 Microalgae Growth

The effect of different nitrogen concentrations on the dry weight is shown in Figure 1B. During the first three days of culture, the dry weight development trend of the four groups was the same, and no significant differences were observed. However, on the 4th day of treatment, the dry weight growth of the 0 N group slowed down significantly, while the other three groups continued to maintain a sustained increase. After four days of cultivation, the maximum dry weight of the 0 N, 0.5 N, 1 N and 3 N groups reached 1.02 ± 0.08 g L-1, 1.25 ± 0.02 g L-1, 1.15 ± 0.02 g L-1 and 1.19 ± 0.04 g L-1, respectively.




Figure 1 | The color changes (A), dry weight (B), astaxanthin concentration (C), and astaxanthin content (D) of H. pluvialis motile cells in the 0 N (blue), 0.5 N (red), 1 N (green), and 3 N (yellow) group.





3.1.2 Astaxanthin Production

It can be seen from Figure 1C that the astaxanthin concentration of the 0 N and 0.5 N groups shows a similar growth trend, and the astaxanthin concentration growth trend of the 1 N and 3 N groups is similar. The 0 N and the 0.5 N groups showed rapid growth at first and then slowed down after one day of treatment, while the astaxanthin concentration of the 1 N group and the 3 N group showed a stable growth trend within four days. After four days of treatment, the astaxanthin concentration in the 0 N group has the highest value of 3.50 ± 0.10 mg L-1, followed by the 0.5 N group and the 1 N group with the value of 3.12 ± 0.19 mg L-1 and 2.93 ± 0.05 mg L-1. The 3 N group had the lowest astaxanthin concentration with a value of 2.76 ± 0.09 mg L-1.

The astaxanthin content of the four cultures at the end of cultivation is calculated, and the results is shown in Figure 1D. A trend is observed that the lower the nitrogen concentration, the higher the astaxanthin content. The 0 N group had the highest astaxanthin content at 0.31 ± 0.02%, while the 3N group had the lowest at 0.20 ± 0.01%.




3.2 The Effect of Different Light Intensity on Astaxanthin Production in Motile Cells Under Nitrogen Starvation


3.2.1 The Cell Morphological Changes

As shown in Figure 2A, the motile cell morphological changes at different light intensities are observed under the light microscope. The motile cells protoplast was enclosed by a swollen and gelatinous cell wall layer. After culturing for one day under nitrogen starvation, a small amount of orange-red pigment was observed in the motile cells treated with different light intensities. With the increase of treatment time, the motile cells of the three groups gradually changed from green to red due to astaxanthin accumulation. After being exposed to HL for two days, the gelatinous extracellular matrix outside the protoplasts of some motile cells disappeared, and a few motile cells developed into cysts with thickened cell walls. After four days of treatment, the protoplasts of motile cells in the ML and HL groups had distinct granularity, but the granularity of cells in the LL group was weak.




Figure 2 | The cell morphological changes (A), cell number (B), dry weight (C), and astaxanthin concentration (D) of H. pluvialis in the LL (blue), ML (red), and HL (green) group.





3.2.2 Microalgae Growth

The effect of light intensity on the cell number of motile cells under nitrogen starvation is shown in Figure 2B. During the first two days of culture under nitrogen starvation conditions, the number of cells in the three groups showed an upward trend. The cell number in the ML and HL groups reached the maximum value on the second day, at 5.3×105 cells mL-1 and 5.2×105 cells mL-1, respectively, and then rapidly decreased until the end. However, the number of cells in the LL group reached a maximum value of 6.2×105 cells mL-1 after three days of culture, significantly higher than the ML and HL group.

Figure 2C shows the changes in dry weight in different light intensity groups. Dry weights of the three groups show a similar trend, increasing with culture time, peaking on the third day, and then decreasing until the end of the 4-day cultivation. After four days of cultivation, the HL group showed the highest dry weight, followed by the ML group, and the LL group had the lowest dry weight. All the maximum dry weight of each group appeared on the third day of culture, and it was 1.11 ± 0.05 g L-1 in the HL group, 0.91 ± 0.02 g L-1 in the ML group, and 0.91 ± 0.06 g L-1 in the LL group (Table 1).


Table 1 | The maximum dry weight and astaxanthin concentration, percentage of motile cells, cell mortality rate, and cell size in the LL, ML, and HL group.





3.2.3 Astaxanthin Production

The changes in astaxanthin concentration in different light intensity groups are shown in Figure 2D. The concentrations of astaxanthin in the three groups showed an upward trend with the increase of culture time. A significant difference in astaxanthin concentrations among the three groups was observed, with the highest in the HL group, followed by the ML group, and the lowest in the LL group. The maximum astaxanthin concentration values of the three groups all appeared at the end of the 4-day cultivation. As shown in Table 1, the maximum astaxanthin concentration of the HL group reached 3.04 ± 0.04 mg L-1, the ML group was 2.69 ± 0.05 mg L-1, and the LL group was 2.51 ± 0.02 mg L-1.

We calculated the astaxanthin content of the three cultures at the end of cultivation. As shown in Table 1, no difference in astaxanthin content was observed between LL and ML groups, with values of 0.32 ± 0.02% and 0.32 ± 0.04%, respectively, while the astaxanthin content in the HL group was lower than that in the other two groups, with a value of 0.29 ± 0.02%.



3.2.4 Motile Cells Percentage, Cell Mortality Rate, and Cell Size

The motile cells percentage, cell mortality rate, and cell size at the end of the 4-day cultivation were analyzed, and the results are shown in Table 1. Among the three groups, the motile cells percentage and cell size in the ML group were 88.1 ± 1.5% and 23.67 ± 4.63 μm, which were higher than those in the LL and HL groups, respectively, while the cell mortality rate in the ML group reached 9.8 ± 1.3%, which was smaller than that in the other two groups. The HL group had the lowest motile cells percentage and highest cell mortality rate among the three groups, with the value of 82.8 ± 1.4% and 15.1 ± 0.7%, respectively. The cell size in the LL group was the lowest among the three groups, with a value of 21.72 ± 3.82 μm.





4 Discussion

Astaxanthin accumulation in H. pluvialis is normally accompanied by the formation of encystment (Boussiba, 2000). During encystment, a voluminous multilayered cell wall, including trilaminar sheath and secondary wall, is formed with a significantly hardening and thickening (Monstsant et al., 2001; Hagen et al., 2002; Wang et al., 2003). Although the formation of thick cell walls is favorable for the large quality astaxanthin accumulation in H. pluvialis (Li et al., 2019a), it is regarded as one of the main factors in reducing the coloration efficiency and bioavailability of astaxanthin when fed to salmonids and other commercial species (Sommer et al., 1991; Young et al., 2017). Previous studies have shown that breaking H. pluvialis cysts can improve the astaxanthin deposition rate in trout flesh (Sommer et al., 1991). But, disruption of H. pluvialis cyst cell walls often require mechanical, chemical, or enzymatic means, and all of these processes are currently highly energy-intensive and expensive (Tibbetts, 2018). In addition, these processes can decrease the stability of astaxanthin and reduce the shelf life of the compound (Han et al., 2013). In contrast, thin-walled H. pluvialis can use whole cells as a source of astaxanthin, which has potential advantages in maintaining compound stability, easy digestion, enhance bioavailability of carotenoids, and reducing production costs.

Astaxanthin is accumulated in H. pluvialis under growth-limiting conditions, such as nutrient deprivation, high light, and/or high salinity (Lemoine & Schoefs, 2010; Chekanov et al., 2014; Scibilia et al., 2015; Solovchenko, 2015; Oslan et al., 2021). Nitrogen is one of the essential nutrients that affect cell growth and enzymatic activity of H. pluvialis (Zhang et al., 2018). Previous studies showed that nitrogen deficiency inhibited H. pluvialis chlorophyll biosynthesis and promoted chlorophyll b degradation, PTOX activity, and cyclic electron transport (Scibilia et al., 2015). The reduction of chlorophyll content resulted in the limitation of the cell’s ability to maintain photosynthetic function (Young and Beardall, 2003). In this case, H. pluvialis accumulated large amounts of carbon in the form of carotenoids and lipids (Sun et al., 2018). In the present study, we observed that the lower the nitrogen concentration, the higher the astaxanthin content in motile cells. The results are consistent with previous reports that nitrogen deficiency can stimulate astaxanthin synthesis (Borowitzka et al., 1991; Fábregas et al., 1998).

Light intensity is another one of the most significant factors in the induction of astaxanthin accumulation (Oslan et al., 2021). It can cause oxidative stress and promote the excess of reactive oxygen species in algal cells, thereby activating the biosynthesis of astaxanthin (Han et al., 2012). It has been reported that within the first three days of high light induction, the non-photochemical quenching (NPQ) of H. pluvialis cells decreased dramatically, while the chlorophyll a/b ratio increased transiently. In contrast, under the high light combined with nitrogen starvation, cells exhibited a sustained increase in chlorophyll a/b ratio and a rapid rise in NPQ induction. In addition, the PSII quantum yield decreased by 20% under high light conditions, while the Fv/Fm remained stable under the combined induction of high light and nitrogen deficiency (Scibilia et al., 2015). Scibilia et al. (2015) believed that nitrogen starvation enhanced the stress response of H. pluvialis, inducing cells to rapidly counteract high-irradiation-induced photooxidative stress, thereby improving the resistance of cells to photo-oxidation. However, motile cells of H. pluvialis are sensitive to light intensity, and the PSII core subunits of cells are degraded when exposed to high light conditions (Han et al., 2012). In this study, after four days of culture, the cell mortality rate in the HL group reached more than 15%, which was significantly higher than that in the LL and ML groups, indicating that high light intensity was not suitable for inducing motile cells to accumulate astaxanthin. In addition, no significant differences were observed in astaxanthin content, motile cells percentage, and cell mortality rate between the LL and ML groups. Considering low light is more economical in terms of electricity consumption, we recommend that low light as the light condition for motile cells to accumulate astaxanthin under nitrogen starvation.

We have to point out that the astaxanthin content obtained in the current study was not high. It may account for the short irradiation time. Considering that prolonged induction can lead to an increase in the number of thick-walled cysts, further work investigating the relationship between the induction period and the percentage of motile cells and astaxanthin content is needed with the aim to determine the optimal induction period. In addition, according to Butler et al. (2018), the intracellular astaxanthin content of H. pluvialis motile cells can reach up to 2.7% of dry weight. It is indicated that there is still large improvement room for astaxanthin content in motile cells. Therefore, more effort to optimize induction conditions would be needed for improving astaxanthin production by motile cells. Phosphorus deficiency (Imamoglu et al., 2009) or high salt (Tam et al., 2012) can promote astaxanthin accumulation. However, phosphorus deficiency (Boussiba and Vonshak, 1991; Li et al., 2021) and high salt (Droop, 1955; Li et al., 2021) can induce cyst formation in H. pluvialis. Further study on optimizing the astaxanthin production by motile cells should take into account this aspect.
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