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Abstract

:

We aimed to determine the optimal conditions for the mass culture of rotifers, which can be used as feed for cold-water fish species at low temperatures. The growth and specific growth rates (SGRs) of rotifers were assessed considering water temperature, salinity, density, dissolved oxygen (DO) levels, and the amount of Chlorella supplied as feed. The growth of rotifers was higher at 15 °C than at 10 °C and at salinities of ~11–17 psu. Initial inoculation densities of 500 and 700 individuals/mL resulted in the highest rotifer density, and SGR was highest at 100 individuals/mL. DO concentration did not significantly affect the growth and SGRs of rotifers. Enrichment with fatty acids is important to supplement the diet of cold-water fish species. Highly unsaturated fatty acid content increased with enrichment time to 14.04 ± 0.86% at 12 h and 15.58 ± 2.20% at 24 h. Thus, the optimal conditions for rotifer mass culture are a water temperature of 15 °C, salinity of 11–17 psu, initial inoculation density of 300–500 individuals/mL, DO concentration of 8 mg/L or more, and Chlorella supply at 7.5 × 1012 cells/mL. Therefore, the present study suggests optimal culture conditions of rotifers at low temperatures for breeding cold-water fish species.
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1. Introduction


Rotifers of the genus Brachionus are the most widely used live feed for marine fish. Rotifers are important to feed zooplankton because their size and slow motility make them suitable starter feed for larval fish during early exogenous feeding [1]. Furthermore, rotifers are easily digested and absorbed by fish larvae and can be easily enriched and cultured en masse; therefore, they are most commonly used as live feed for larval fish and crustaceans during the early stages of life [2,3,4,5,6,7,8,9,10]. Rotifers can be generally categorized into three types based on their size: Brachionus plicatilis (250–300 µm), B. rotundiformis (160–220 µm), and B. rotundiformis ssp. (100–140 µm) constitute the large, small, and super small types, respectively. Rotifers differ in size, optimal growth, nutritional value, and reproduction depending on the specific strain [11,12] and environmental factors, including water temperature, salinity, and light [13,14]. Their size is significantly affected by enrichment [15,16,17] during culture. Considering these factors, it is necessary to utilize suitable rotifer strains depending on the mouth size of the fish larvae.



Various studies have been conducted on the nutritional aspects and culture methods of rotifers [7,18,19,20] and on the increase in the growth rate of rotifers owing to environmental changes in water temperature, salinity, density, and dissolved oxygen (DO) levels [9,21,22,23,24,25,26].



The production of cold-water fish species inhabiting waters below 10 °C, such as walleye pollock (Gadus chalcogrammus) and Pacific cod (Gadus macrocephalus), has been recently established [27,28]. Embryos hatched after about 14 days at 5 °C. The egg yolk was absorbed for 3~4 days, and then the larvae were fed four times daily with enriched rotifers. When rotifers cultured at high temperatures and low salinity are introduced to the rearing tanks of cold-water fish larvae in a seawater environment, they weaken and die due to water temperature and salinity differences [3,29]. The larvae are distributed in the surface layer because of their lower specific gravity relative to that of seawater and their weak swimming capability. Rotifers with reduced activity sink to the bottom of the tank. Therefore, they are less effective as feed sources for these larvae. In addition, rotifers that accumulate at the bottom can cause bacterial infection that may lead to larval death [30]. To avoid this, rotifer culture water temperature and salinity should be similar to the rearing conditions of the artificial seed production tank [31,32,33]. However, rotifer culture technology and nutritional enhancement methods suitable for cold-water fish species inhabiting waters with temperatures below 10 °C have not yet been established.



To supplement the diet of cold-water fish species, rotifer enrichment with fatty acids, including n-3 highly unsaturated fatty acids (n-3 HUFA), has been attempted at temperatures lower than the rotifer culture temperature [34,35,36]. However, the mass culture of rotifers at low temperatures under these conditions presents challenges that remain unresolved [21,31].



Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are n-3 fatty acids with bioregulatory functions that play important roles in the early growth and survival of larvae. HUFAs play an important role in biological membrane fluidity, alter enzymatic activity, and act as prostaglandin precursors [37].



In fish, the qualitative and quantitative requirements for essential fatty acids may vary depending on the species, temperature, and salinity [38]. Freshwater fish species use linoleic acid (C18:2n-6) and alpha-linoleic acid (C18:3n-3) as precursor fatty acids, which can be used to synthesize EPA and DHA in the body. However, as the enzymes required to synthesize n-3 HUFAs, such as EPA and DHA, in seawater fish species are extremely limited or absent, the diet must be exogenously supplemented with EPA and DHA [39].



In this study, we aimed to investigate the mass culture conditions for rotifers at low temperatures considering salinity, density, DO concentration, and Chlorella supply. To determine the optimal enrichment time of rotifers at low water temperatures, the effects of time-dependent rotifer enrichment were also assessed through fatty acid analysis.




2. Materials and Methods


2.1. Culturing Rotifers at Low Temperatures


Large-type rotifers (B. plicatilis, Uljin strain), obtained from Gangneung-Wonju National University, Gangwon-do, Republic of Korea, in 2015, were used in this study and subcultured in a 1-ton culture tank at a water temperature of ~22–23 °C and salinity of ~18–20 practical salinity units (psu). Freshwater-concentrated Chlorella (Chlorella vulgaris, Daesang, Seoul, Republic of Korea) was supplied at 1.0 × 1013/mL daily. Maintaining low temperatures in the culture system (tank) was crucial for this study. Therefore, the culture system comprised internal and external tanks with a dual structure that could control and maintain the water temperature of the internal tank by circulating water at an adjusted temperature to the external tank. Rotifers were cultured at 20 °C using this tank, and the water temperature was lowered by 1 °C per month to select rotifers with good vitality, which were then cultured at 15 °C for 3 months. Subsequently, the same process of reducing the water temperature by 1 °C was performed every month, and the rotifers were cultured at 10 °C for 3 months or more. For the study, rotifers cultured at 10 °C for more than 3 months were used; 10% of the water in the tank was removed by draining the rearing tank daily, and then clean seawater and freshwater were supplemented in equal parts. All experiments were repeated thrice. Water environmental parameters such as temperature, salinity, DO concentration, and pH were recorded daily using a ProDSS Multiparameter Digital Water Quality Meter (YSI Inc., Yellow Springs, OH, USA).




2.2. Culture Conditions According to Temperature, Salinity, Density, DO Concentration, and Chlorella Abundance


2.2.1. Temperature


In a circular culture tank (Ø100 × 1000 cm, approximately 1000 L) set at 10 and 15 °C, filtered seawater using a cartridge with a 5 µm pore and freshwater were supplied in equal parts to maintain a culture water salinity of approximately 15–18 psu. The rotifers were inoculated at a density of about 300 individuals/mL, 10% of the water was exchanged daily, approximately 1.0 × 1013 Chlorella was counted using a hemocytometer and supplied daily [40], and the rotifers were cultured for 14 days. Subsequently, the rotifers were harvested using an 80-µm sieve, rinsed with seawater, and then observed using stereomicroscopy (SteREO Discovery V8; Carl Zeiss GmbH, Oberkochen, Germany) for counting. All conditions, except water temperature, were maintained at constant levels.




2.2.2. Salinity


Culture water with a salinity of 11, 14, 17, 20, and 23 psu was prepared at 15 °C. The rotifers were inoculated at a density of 300 individuals/mL, 10% of the water was exchanged daily, and 1.0 × 1013 Chlorella was supplied daily. All conditions, except salinity, were maintained at constant levels.




2.2.3. Density


Culture water with a salinity of 17 psu was prepared at 15 °C. Rotifers at densities of 100, 300, 500, and 700 individuals/mL were inoculated in each tank, 10% of the water was exchanged daily, and 1.0 × 1013 Chlorella was supplied daily. All conditions, except inoculation density, were maintained at constant levels.




2.2.4. DO


Culture water with a salinity of 17 psu was prepared at 15 °C, and rotifers were inoculated at a density of 300 individuals/mL. The growth rate of rotifers was investigated at approximately 8, 11, 14, 17, 20, and 23 mg/L of DO. Errors occurred within the range of 0.5 mg/L in each experimental DO. The DO concentration was controlled using liquid oxygen, and 1.0 × 1013 Chlorella was supplied daily. All conditions, except DO, were maintained at constant levels.




2.2.5. Chlorella Supply


Culture water with a salinity of 17 psu was prepared at 15 °C, and rotifers were inoculated at a density of 300 individuals/mL with 8 ppm of DO. Ten percent of water was exchanged daily, and Chlorella was supplied daily at concentrations of 6.25 × 1012, 7.5 × 1012, and 8.75 × 1012 to investigate the Chlorella growth rate depending on supply. All conditions, except the amount of Chlorella, were maintained at constant levels.




2.2.6. Daily Growth Rate


Rotifer density was measured daily using a stereomicroscope (SteREO Discovery V8; Carl Zeiss GmbH, Oberkochen, Germany) at 40×, and the intrinsic rate of reproduction [specific growth rate (SGR)] was calculated according to the method described by Rico-Martínez and Dodson [41] as follows:


SGR = (1/T) In(NT/N0)



(1)




where T is the number of incubation days from inoculation to B. plicatilis peak density, NT is the population density of B. plicatilis at T days, and N0 is the inoculation of B. plicatilis density.





2.3. Analysis of Ammonium, Nitrite, and Nitrate


Dissolved ammonium (NH4⁺), nitrite (NO2−), and nitrate (NO3−) were analyzed using nutrient autoanalyzers (QuAAtro, 4 Channel; Seal Analytical, Hampshire, UK; SBE 9plus, UNDERWATER UNIT; Sea-Bird Electronics, Bellevue, WA, USA; AS-C3 Dissolved Inorganic Carbon Analyzer; Apollo SciTech, Newark, DE, USA) to investigate changes in ammonium during the growth of rotifers. Water samples from rotifer culture were collected daily for 12 days and then filtered using grade GF/F glass microfiber filters (Whatman; Merck KGaA, Darmstadt, Germany). All the samples were frozen until further analysis.




2.4. Rotifer Enrichment


To investigate the effects of enrichment on rotifers at low temperatures, rotifers, at a density of 1000 individuals/mL and 15 °C, were fed 70 mg/L super capsule powder (SCP; Chlorella Industry Co., Ltd., Kyoto, Japan) and 150 mg/L S.presso (INVE aquaculture, Dendermonde, Belgium) for 6, 12, and 24 h. Fatty acids were analyzed after rotifer enrichment by first extracting total lipids using a mixture of chloroform and methanol (2:1), as described by Folch et al. [42]. Thereafter, the extracted methyl ester lipids were used with 14% Bf3-methanol (Sigma-Aldrich, St. Louis, MO, USA) solution, and the fatty acids were analyzed using a gas chromatograph (Clarus 600 Gas Chromatograph; PerkinElmer, Waltham, MA, USA) with an SPTM-2560 column (Sigma-Aldrich; 100 m × 0.25 mm i.d., film thickness = 0.20 μm).




2.5. Data Analysis


Each set of experiments was performed in triplicate, and the mean values were calculated. Two-way analysis of variance was used to compare the reproductive potential in relation to salinity and feed concentration against the three temperatures. All analyses were performed using SPSS 14.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was considered at p < 0.05.





3. Results


3.1. Effects of Culture Environment on Rotifer Growth


3.1.1. Water Temperature


Figure 1 shows the growth of large-type rotifers at 10 and 15 °C. Rotifers cultured at 15 °C showed the highest density at 1331 individuals/mL on day 11, after which growth decreased (Figure 1a). However, the growth of rotifers cultured at 10 °C steadily increased until day 14, and the density was highest at 661.3 individuals/mL on day 14. Rotifers cultured at 10 °C showed a lower growth density than those cultured at 15 °C. Figure 1b shows the SGR according to culture temperature. Rotifers cultured at 15 °C had a higher SGR of 0.15 ± 0.01 than those cultured at 10 °C with an SGR of 0.36 ± 0.01.




3.1.2. Salinity


Analysis of the growth of low-temperature cultured rotifers according to salinity revealed that the highest growth occurred at 17 psu with 1290 individuals/mL on day 12. Growth at 14 psu was slightly higher than that at 11 psu. Rotifers cultured at 20 and 23 psu showed low growth (Figure 2a). SGR was highest at 17 psu with a value of 0.12 ± 0.016, followed by 0.11 ± 0.005 at 14 psu, 0.10 ± 0.012 at 11 psu, 0.07 ± 0.03 at 20 psu, and 0.07 ± 0.03 at 23 psu, in that order (Figure 2b).




3.1.3. Inoculation Density


For inoculation density, the highest growth was observed at an initial inoculation density of 500 and 700 individuals/mL, resulting in 1654–1668 individuals/mL on day 12. When 300 individuals/mL were inoculated, 1521 individuals/mL were observed on day 12, and no decrease in growth was observed. Inoculation with 100 individuals/mL resulted in 791 individuals/mL on day 12, showing the lowest growth (Figure 3a). The SGR was highest at 0.64 ± 0.01 following inoculation with 500 individuals/mL and lowest at 0.54 ± 0.02 after inoculation with 100 individuals/mL (Figure 3b). The fastest time to reach 1000 individuals/mL was 4 days after inoculation with 700 individuals/mL. Thus, the lower the inoculation density, the larger the number of days required to reach 1000 individuals/mL (Figure 3c).



The pH of the rotifer culture water changed slightly depending on the inoculation density, i.e., 100, 300, 500, and 700 individuals/mL, ranging from 7.29 to 7.80, with no significant differences between inoculation densities. However, pH decreased with increasing inoculation density (Figure 3d).




3.1.4. DO


High rotifer growth was observed at DO concentrations of 14 and 17 mg/L on day 11 (Figure 4a). The growth of rotifers stood at 1212 individuals/mL at a DO concentration of 17 mg/L on day 11, the highest among all the experimental groups. The highest SGR, 0.13, occurred at a DO concentration of 17 mg/L (Figure 4b).




3.1.5. Chlorella Supply


The growth of rotifers depending on Chlorella supply was highest at 1267 individuals/mL on day 12 when 7.5 × 1012 cells/mL of Chlorella was supplied. When 8.75 × 1012 cells/mL of Chlorella was supplied, growth was slightly higher than when 7.5 × 1012 cells/mL was supplied until day 6; however, from day 7, rotifer growth decreased and was lower than when 7.5 × 1012 cells/mL of Chlorella was supplied. After supplying 6 × 1012 cells/mL of Chlorella, the maximum level of growth was 789 individuals/mL on day 13, with all experimental groups recording the lowest growth (Figure 5a). SGR was highest at 0.11 when 7.5 × 1012 cells/mL Chlorella was supplied (Figure 5b).





3.2. Ammonium, Nitrite, and Nitrate


The ammonium concentration in the culture water ranged from 33.8 to 98.8 µmol/L and tended to increase with culture duration. The nitrite concentration ranged from 9.7 to 117.4 µmol/L, and NO3− concentration ranged from 179.5 to 970.0 µmol/L, also increasing with culture duration. The highest concentrations of ammonium, nitrite, and nitrate were observed on day 11 at the maximum rotifer density (Figure 6).




3.3. Enrichment of Rotifers


The effect of enrichment on low-temperature cultured rotifers is shown in Table 1. Rotifers without enrichment had a high saturated fatty acid content at 26.68 ± 1.63%. Moreover, although the monosaturated fatty acid (MUFA) content was high in the enriched rotifers at 6 h, enrichment time did not have a significant effect. Enrichment time significantly influenced HUFA content; unenriched rotifers had the lowest HUFA content at 3.89 ± 0.08%. At 6, 12, and 24 h of enrichment, HUFA content was 11.75 ± 0.32%, 14.04 ± 0.86%, and 15.58 ± 2.20%, respectively; however, no significant difference was observed between the 12- and 24-h time points.





4. Discussion


This study investigated the effects of water temperature, salinity, density, DO concentration, and the amount of Chlorella supplied on the mass culture of large-type rotifers at low temperatures to determine their better rearing water quality conditions.



Rotifers generally proliferate well at high water temperatures of ~20–30 °C [43]. If rotifers active at high temperatures are supplied as an initial feed for cold-water fish species, the water temperature difference decreases their activity, making them sink and pollute the water [3,29].



The increase in water temperatures due to global warming has led to a decrease in the habitats of cold-water fish species [27]. In a previous study, the walleye pollock larvae survival rate was the highest, with 50% at 5 °C. The larvae survival rate also declined as water temperatures increased and was lowest, with 0.3% at 14 °C [27]. To preserve these species and replace fishery with aquaculture production, the development of cold-water fish breeding technology, mass cultures of low-temperature rotifers, and optimal environments to maintain these fish and rotifers are required.



In the present study, rotifers cultured at 15 °C showed faster growth compared with those cultured at 10 °C. Previous studies have demonstrated that a lower water temperature results in a lower rotifer growth rate and a longer growth period [43,44]. Generally, when rotifers are cultured at water temperatures of approximately 25 °C, maximum density is reached within 5–8 days [13,45,46]. However, in the present study, it took approximately 11 days for rotifers cultured at 15 °C to reach the highest density. In addition, the density of rotifers cultured at 10 °C was at half their highest density at 15 °C on day 14, suggesting that 15 °C is a more appropriate temperature for mass culture at low temperature when considering the culture period. Also, since rotifers can be cultured at low temperatures of 10 °C and 15 °C they can be suitable as feed for cold-water fish larvae reared at those cold temperatures.



The lifespan of rotifers was extended, but reproduction decreased owing to low temperatures. This phenomenon is referred to as the cost of reproduction and has been verified in various organisms [47,48,49,50,51]. These results indicate that culture temperature plays an important role in the growth of rotifers, and culturing rotifers at low temperatures requires more time, as observed in previous studies [43,44].



The effects of salinity on rotifer growth have been previously reported. Colurella dicentra, a small rotifer, showed the highest density at low salinity [52], whereas Synchaeta cecilia valentina and Synchaeta littoralis showed the highest growth rates at 20 and 25 psu, respectively. In accordance with the salinity range reported by Yin and Zhao [53] reported that the growth and egg-laying rate for B. plicatilis and Brachionus rotundiformis were high at ~10–20 psu, which is an optimal salinity range for the mass culture of rotifers [54,55]. Moreover, when Brachionus koreanus was exposed to different salinities, the fastest growth rate was observed at a low salinity of 15 psu, while its lifespan was extended at a high salinity (35 psu) [56]. Salinity combined with water temperature is a factor that has an important influence on rotifers, and studies on the optimal salinity of various rotifers have been conducted. In the present study, rotifer growth was high at 17 psu, with the rotifers exhibiting superior growth at 11–14 psu than at 20–23 psu. These results indicate that the growth rate was higher at salinities less than 20 psu, and the optimal salinity for B. plicatilis at low temperatures was 17 psu.



In the growing aquaculture industry, the production of high-density rotifers as feed for fish larvae is essential for a stable supply of rotifers. Factors limiting the high-density culture of rotifers include lack of feed, low DO concentrations, and the accumulation of toxic undissociated ammonia in the culture water [57]. In addition to these, in the present study, whether the initial inoculation density affects rotifer propagation was investigated. The growth of rotifers in response to the initial inoculation density peaked on day 11 when 500 and 700 individuals/mL were inoculated. When 300 individuals/mL were inoculated, the density increased until day 12, and when 100 individuals/mL were inoculated, the lowest growth density was observed at 791 individuals/mL. Suantika et al. (2000) reported a maximum rotifer Brachionus biomass concentration of 500–1000 individuals/mL [58]. The time to reach 1000 individuals/mL was the fastest at 4 days when 700 individuals/mL were inoculated; however, the growth rate gradually decreased thereafter. Although the initial inoculation density of rotifers dictates when the culture reaches its highest density, it appears that the highest density reached becomes the same over time [59].



Seasonal water temperature and DO concentrations in the wild affect zooplankton growth [60]. Rotifer growth is known to be affected by DO concentration [26]. Yoshimura et al. [57] reported that DO concentrations of at least 2 mg/L or more are required for rotifer growth. Czarnoleski et al. (2015) studied the body size of rotifers (Keratella cochlearis) at different depths in 20 European lakes and found that rotifers were larger not only in cold water but also in oxygen-rich environments. In hypoxic waters, rotifers remained small regardless of temperature [61]. This means that oxygen has an important effect on the growth of rotifers. In the present study, the highest rotifer density and SGR did not differ substantially at DO concentrations of 8–23 mg/L. However, on the one hand, when DO concentrations were 11, 14, and 17 mg/L, the highest growth density was observed on day 11. On the other hand, the maximum growth density was observed on day 10 when the DO concentrations were 8, 20, and 23 mg/L. Nevertheless, the maximum growth density at DO concentrations of 8 and 23 mg/L differed from that of the other experimental groups. Based on these results, there was no significant difference in the growth of rotifers depending on the DO concentration, and considering the cost of using liquid oxygen to regulate supersaturation and the difficulty of controlling the concentration, the DO concentration of about 8 mg/L appears to be sufficient for the culturing of rotifers at low temperatures.



Nitrogen is an essential element for all living organisms. In the environment, N actively cycles between water, air, and soil in various concentrations and forms, such as dinitrogen gas (N2), ammonium, nitrite, nitrate, and organic matter [62]. The available sources of inorganic N in the environment are ammonium, nitrite, and nitrate, which present variable concentrations in different habitats [63]. In seawaters, the assumed concentration of nitrate is between 7 and 31 µM; of ammonium, 0.001–0.3 µM; and of nitrite, about 0.006–0.1 µM [63]. In an aquatic environment, ammonia presents two main forms: conjugated unionized ammonia and ionized ammonium [64]. The concentration of undissociated ammonia is a major factor inhibiting rotifer growth [57]. Han et al. (2022) reported that survival, life history parameters, and reproductive patterns of rotifers treated with high concentrations of NH3-N (≥8.5 mg/L) were suppressed [65]. The present study showed an increase in ammonium with propagation density. In particular, nitrite increased rapidly when rotifers reached their maximum density. It seems difficult to control the concentration of nitrite and nitrate with a 10% water change as the density of rotifers increases.



Determining the optimal amount of feed is important because feed negatively affects the growth, egg-laying rate, and survival rate of rotifers [41,66]. Furthermore, the amount of available feed is correlated with the reproductive rate of rotifers and directly affects digestibility, anabolism, and growth [67,68]. The algae that are widely used in mass culturing rotifers B. plicatilis and B. rotundiformis include seawater C. ellipsoidea, Nannochloropsis oculata, Isochrysis galbana, and Tetraselmis sp. and freshwater C. vulgaris [68,69]. In particular, freshwater C. vulgaris is generally the most widely used because of its small size, good growth, and economical use [36]. According to the results of the present study, the amount of Chlorella (C. vulgaris) supplied affected the growth density of rotifers. The highest growth density was obtained when Chlorella supplied was 7.5 × 1012 cells/mL; when Chlorella supplied was 6 × 1012 cells/mL, the amount of Chlorella was insufficient. Therefore, 7.5 × 1012 cells/mL of Chlorella may be appropriate for rotifers cultured at low temperatures.



Unsaturated fatty acids are the major components of cell membranes and precursors of bioactive molecules, which have hormone-like activity [70]. Some studies have shown a lack of essential nutrients in rotifers; therefore, they should be enriched before feeding to fish larvae [71,72]. Commercial enhancement products are more widely used because they are easier to handle [73]. Studies revealed that DHA is associated with bone and cartilage development in fish and contributes to the prevention of bone deformities [74,75]. Previous studies have also demonstrated that the metabolic rate of organisms is inhibited at low temperatures [76,77,78]. Lee et al. [79] reported that the amount of total fatty acids is reduced significantly at low temperatures (20 and 15 °C) compared with that at 25 °C in B. koreanus. In general, rotifers were enriched within 12 h at ~25–27 °C [80,81,82]. However, studies on the optimal enrichment time for rotifers cultured at low temperatures are limited. In the present study, fatty acids were analyzed after enrichment for 6, 12, and 24 h. The results showed that enriched rotifers had higher MUFA and HUFA content than those of unenriched rotifers. Although there was no significant difference in the content of MUFAs and HUFAs at 12 and 24 h, they were slightly higher at 24 h. In addition, although the present study did not compare the effect of enrichment between high and low temperatures, it was confirmed that HUFA content increased more at 12 h relative to levels before enrichment at low temperatures. Nevertheless, rotifer enrichment at low temperatures is prolonged compared with that at ~25–27 °C. Therefore, the optimal rotifer enrichment time at low temperatures was determined to be between 12 and 24 h.




5. Conclusions


Considering the growth period and density of rotifers cultured at low temperatures, the optimal water temperature was 15 °C. The optimal salinity was approximately 17 psu; a salinity of more than 20 psu inhibited the growth of rotifers. The growth density can be increased when the initial inoculation density is 300 cells/mL or more, and no significant difference in rotifer growth was observed at a DO concentration of 8 mg/L or more. When the initial inoculation density was 300 cells/mL, the optimal amount of Chlorella was 7.5 cells/mL, and the ammonium concentration increased depending on the growth of the rotifer. The optimal enrichment time of rotifers at low temperatures is within 12 to 24 h, as the HUFA content. Therefore, for rotifer mass culture at low temperatures, optimal conditions should include a water temperature of 15 °C considering culture period, salinity of approximately 17 psu, initial inoculation density of 300 individuals/mL or more, a DO concentration of approximately 8 mg/L, Chlorella cells at the concertation of 7.5 cells/mL, and an enrichment time of 12–24 h.
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Figure 1. Effects of water temperature on growth of rotifer. (a) Growth density of rotifers at different water temperatures. (b) Specific growth rate (SGR) of rotifers at different water temperatures. Values are presented as the mean ± standard deviation (n = 3). Each experiment was performed in triplicate. Different letters indicate significant differences (p < 0.05). 
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Figure 2. Effects of salinity on rotifer growth at 15 °C. (a) Growth density of rotifers at different salinities. (b) Specific growth rate (SGR) of rotifers at different salinities. Values are presented as the mean ± standard deviation (n = 3). Each experiment was performed in triplicate. Different letters indicate significant differences (p < 0.05). 
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Figure 3. Effects of inoculation density (100, 300, 500, and 700 individuals/mL) on growth of rotifer. (a) Growth density of rotifers at different initial inoculation densities. (b) Specific growth rate (SGR) at different initial inoculation densities. (c) Days to reach 1000 individuals/mL at different initial inoculation densities. (d) Changes in pH at different initial inoculation densities. Values are presented as the mean ± standard deviation (n = 3). Each experiment was performed in triplicate. Different letters indicate significant differences (p < 0.05). 
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Figure 4. Effects of dissolved oxygen (DO) concentration on growth of rotifer. (a) Growth density of rotifers and different DO concentrations. (b) Specific growth rate (SGR) of rotifers at different DO concentrations. Values are presented as the mean ± standard deviation (n = 3). Each experiment was performed in triplicate. Different letters indicate significant differences (p < 0.05). 
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Figure 5. Effects of Chlorella supply on growth of rotifer. (a) Growth density of rotifers at different concentrations of Chlorella supplied. (b) Specific growth rate (SGR) of rotifers at different Chlorella concentrations. Values are presented as the mean ± standard deviation (n = 3). Each experiment was performed in triplicate. Different letters indicate significant differences (p < 0.05). 
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Figure 6. Changes in ammonium (NH4⁺) (a), nitrite (NO2−) (b), and nitrate (NO3−) (c) concentrations during culture. Values are presented as the mean ± standard deviation (n = 3). 
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Table 1. Major fatty-acid composition (area % of total fatty acids) of the enriched rotifers at different time points.
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FFA (%)

	
Before Enrichment

	
Enrichment Time




	
6 h

	
12 h

	
24 h






	
12:0

	
0.31 ± 0.03 b

	
0.00 ± 0.00 a

	
0.00 ± 0.00 a

	
0.00 ± 0.00 a




	
14:0

	
1.86 ± 0.04 b

	
1.42 ± 0.06 a

	
1.41 ± 0.08 a

	
1.54 ± 0.07 a




	
15:0

	
0.49 ± 0.04 b

	
0.00 ± 0.00 a

	
0.00 ± 0.00 a

	
0.00 ± 0.00 a




	
16:0

	
16.87 ± 0.54 c

	
15.44 ± 0.02 b

	
14.23 ± 0.13 a

	
14.89 ± 0.49 a




	
16:1

	
1.25 ± 0.10 c

	
1.09 ± 0.00 b

	
0.77 ± 0.06 a

	
0.80 ± 0.01 a




	
18:0

	
4.43 ± 0.13 c

	
3.07 ± 0.03 a

	
3.92 ± 0.24 b

	
4.08 ± 0.18 b




	
18:1n-9 trans

	
2.02 ± 0.07 c

	
1.92 ± 0.05 b

	
1.73 ± 0.15 a

	
1.73 ± 0.13 a




	
18:1n-9 cis

	
5.90 ± 0.40 a

	
7.97 ± 0.32 b

	
8.49 ± 0.19 c

	
8.42 ± 0.45 bc




	
18:2n-6 trans

	
0.28 ± 0.15 b

	
0.00 ± 0.00 a

	
0.00 ± 0.00 a

	
0.00 ± 0.00 a




	
18:2n-6 cis

	
46.63 ± 1.74 c

	
41.56 ± 0.42 b

	
38.77 ± 0.23 a

	
36.60 ± 3.07 a




	
20:0

	
0.31 ± 0.02 b

	
0.00 ± 0.00 a

	
0.00 ± 0.00 a

	
0.00 ± 0.00 a




	
20:1

	
1.40 ± 0.04 a

	
1.69 ± 0.00 c

	
1.46 ± 0.02 b

	
1.51 ± 0.05 bc




	
18:3n-3

	
3.35 ± 0.24 a

	
4.58 ± 0.02 b

	
6.42 ± 0.20 c

	
6.15 ± 0.12 c




	
20:2

	
9.00 ± 0.40 c

	
8.11 ± 0.09 b

	
6.56 ± 0.24 a

	
6.41 ± 0.44 a




	
22:0

	
0.39 ± 0.09 b

	
0.00 ± 0.00 a

	
0.00 ± 0.00 a

	
0.00 ± 0.00 a




	
20:3n-6

	
1.63 ± 0.01 b

	
1.60 ± 0.01 b

	
1.11 ± 0.14 a

	
1.01 ± 0.22 a




	
22:1n-9

	
0.49 ± 0.03 b

	
0.00 ± 0.00 a

	
0.00 ± 0.00 a

	
0.00 ± 0.00 a




	
20:3n-3

	
0.76 ± 0.02 a

	
0.81 ± 0.02 b

	
1.40 ± 0.05 c

	
1.35 ± 0.05 c




	
20:4n-6

	
0.34 ± 0.06 b

	
0.00 ± 0.00 a

	
0.00 ± 0.00 a

	
0.00 ± 0.00 a




	
23:0

	
1.21 ± 0.09 c

	
0.56 ± 0.03 a

	
0.66 ± 0.04 b

	
0.72 ± 0.08 b




	
22:2

	
0.80 ± 0.00 c

	
0.62 ± 0.08 b

	
0.24 ± 0.00 a

	
0.20 ± 0.35 a




	
24:0

	
0.81 ± 0.02 c

	
0.50 ± 0.01 a

	
0.61 ± 0.05 b

	
0.67 ± 0.07 b




	
20:5n-3

	
0.70 ± 0.14 a

	
2.52 ± 0.16 b

	
3.73 ± 0.17 c

	
4.50 ± 0.89 d




	
24:1

	
0.76 ± 0.09 a

	
0.72 ± 0.01 a

	
0.70 ± 0.20 a

	
0.70 ± 0.05 a




	
22:6n-3

	
0.45 ± 0.08 a

	
5.83 ± 0.27 a

	
7.80 ± 0.45 a

	
8.71 ± 1.51 a




	
SFA

	
26.68 ± 1.63 b

	
20.98 ± 0.03 a

	
20.84 ± 0.48 a

	
21.91 ± 0.58 a




	
MUFA

	
11.83 ± 0.43 a

	
13.39 ± 0.28 b

	
13.15 ± 0.25 b

	
13.16 ± 0.50 b




	
HUFA

	
3.89 ± 0.08 a

	
11.75 ± 0.32 b

	
14.04 ± 0.86 c

	
15.58 ± 2.20 c








Values are presented as the mean ± standard deviation (n = 3). Each experiment was performed in triplicate. Different superscript letters indicate significant differences (p < 0.05). FFA, free fatty acid; HUFA, highly unsaturated fatty acid; MUFA, monosaturated fatty acid; SFA, saturated fatty acid.
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