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Abstract

:

Fish oil is used in the production of feed for cultured fish owing to its high polyunsaturated fatty acid content (PUFA). The over-exploitation of fisheries and events like “El Niño” are reducing the fish oil supply. Some marine microorganisms are considered potentially as alternative fatty acid sources. This study assesses a strain of Rhodotorula sp. (strain CNYC4007; 27% docosahexaenoic acid (DHA) of total fatty acids), as feed for fish larvae. The total length and ribonucleic acid (RNA)/deoxyribonucleic acid (DNA) ratio of Danio rerio larvae was determined at first feeding at six and 12 days old (post-yolk absorption larvae). Larvae fed with microencapsulated Rhodotorula sp. CNYC4007 had a significantly higher RNA/DNA ratio than control group (C1). At six days post-yolk absorption group, the RNA/DNA ratio of larvae fed with Rhodotorula sp. bioencapsulated in Brachionus sp. was significantly higher than control group fed with a commercial diet high in DHA (C2-DHA). Finally, at 12 days post-yolk absorption, the RNA/DNA ratio was significantly higher in larvae fed with Rhodotorula sp. CNYC4007 and C2-DHA (both bioencapsulated in Artemia sp. nauplii) than in control group (C1). These results suggest that Rhodotorula sp. CNYC4007 can be an alternative source of DHA for feeding fish at larval stage, providing a sustainable source of fatty acids.
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1. Introduction


Marine resources for fishmeal and fish oil have been exploited beyond maximum sustainable yields [1], and the rate of exploitation is increasing by 8.8% per year [2]. One of the fish oil uses is the production of feed for aquaculture [3], an area that has expanded significantly, resulting in the rising demand for fish oil, which has consequently increased the price of this product [4]. Fish oil is used because of its high nutritional value and essential polyunsaturated fatty acid content (PUFA), among which are docosahexaenoic acid (C22:6, DHA), eicosapentaenoic acid (C20:5, EPA) and docosapentaenoic acid (C22:5, DPA), [5]. Freshwater fish generally have sufficient elongase and desaturase activities to produce these fatty acids from the 18C precursor. On the contrary, marine fish have a very limited capacity to synthesize these fatty acids [6], hence a strict requirement for long-chain PUFA, eicosapentaenoic, docosahexaenoic and arachidonic acids (essential fatty acid; EFA). Therefore, when these fatty acids are not synthesized in fish they should be incorporated into the diets of the larval-to-adult stages of the species that are of commercial interest [7,8]. Their presence is important for normal growth, reproduction, metabolic functions, feeding efficiency and immunocompetence [9]. Specifically, DHA has a high biological value during larval development and is selectively incorporated in neural tissue, contributing to pigmentation and visual acuity [10]. Lipids are maternally supplied and sustain both embryonic and yolk sac larvae development, but when the yolk absorption is completed and first feeding is started an exogenous source of PUFA is required [3]. Then, at the time of first feeding the larvae should receive a diet that covers all the nutritional requirements, so for aquaculture species the research focus has been to improve the nutritional content of artificial diets for larvae [7,11], as diets lacking in nutritional content result in low survival rates [12].



Fatty acids have also been encapsulated in rotifers (Brachionus sp.) and Artemia sp. nauplii [13,14], these organisms allow for the passing of essential nutrients to the larvae [15,16]. Morphological and histological parameters, as well as molecular ratios like the ribonucleic acid (RNA)/deoxyribonucleic acid (DNA) ratio, have been used to determine if effectively delivered nutrients improve the nutritional condition of the target species [17]. Theoretically, RNA levels in cells vary in relation to protein synthesis [18], while DNA concentrations remain constant even during starvation [19]. Therefore, the RNA/DNA ratio is a potential indicator of cellular protein synthesis and growth [17].



The declining supply of traditional sources of essential fatty acids and their high cost has led to the search for alternative sources [20], among which are vegetable seed oils [21] that contain alpha-linolenic acid (ALA, 18:3 ω-3), a precursor of DHA and EPA that is assimilated, but not necessarily transformed, into fatty acids [22]. However, it has not been fully possible to enhance these oils for their use in aquaculture as anti-nutritional components have been found in them that affect lipid homeostasis and energy metabolism [23], along with weakening immune response [24]. Another alternative to fish oil is single-cell oils (SCO) from one-cell organisms like bacteria, algae, fungoid protists and marine fungi, which have great potential because of their high essential long-chain unsaturated fatty acid content [25,26]. Marine fungi has also been described as producers of carotenoids, omega-3 fatty acids, including DHA and EPA [27], and omega-6 acids like arachidonic acid (20:04 ω6, AA) [28].



Given their characteristics, strains of marine microorganisms constitute as alternative sources that can partially or totally replace fish oil for the nutrition of fish [25,29,30]. For example, Schizochytrium sp., a strain that produces a high level of DHA (28% of its dry weight), has been highly studied because it has been proven with juvenile Salmo salar that the complete replacement of fish oil with this strain does not negatively affect growth, immune response, and digestibility of nutrients [25]. Its use with other marine species under intensive cultivation like Sparus aurata [31] has also been tested and with positive results. Schizochytrium sp. has therefore been proposed as a sustainable source of fatty acids [25].



A strain of Rhodotorula sp. (CNYC4007) from the Humboldt Current System off Central Chile was isolated and grown in a bioreactor. The strain, which has high levels of DHA, EPA and carotenoids [27], could be considered as a suitable source of omega-3 for the aquaculture demand. In reference to the above the aim of this study was to evaluate the use of strain CNYC4007 for feeding Danio rerio larvae. The zebrafish (D. rerio) has been widely studied in various fields of biology [32], and in recent years has been proposed as a possible model in studies of nutrition and growth in fish [33], especially as a model in aquaculture research [34]. However, despite potential limitations due to species-specific differences in fatty acid metabolism, zebrafish is a useful tool in the initial screening of new supplies for larval nutrition with lower cost and rearing times than the use of aquaculture species [35]. To date, research has been provided on the anti-nutritional aspects of some alternative ingredients [36] and individualized the requirements for mineral and trace element requirements that have been established for adequate larval development and growth in zebrafish that could benefit other fish species [16]. Therefore, we used zebrafish larvae as a model in the first step to determine the potential use of Rhodotorula sp. (CNYC4007) in larval nutrition according to the usual feeding protocols implemented in larval rearing.




2. Results


2.1. RNA/DNA Ratio as a Proxy for the Nutritional Condition of Danio rerio


The total DNA content per individual did not present a significant difference among live larvae up to the 5th day five of the experiment, when the larvae were 10 days old (Kruskal-Wallis test, p = 0.0565). As well, no significant differences were observed for the same parameter among the treatments during the days of the assay (Figure 1). However, there was 100% mortality rate by 6th day of the larvae in starvation (11 days old), while there was 100% survival rate among the larvae that were fed. The quantity of RNA in larval tissue (Figure 1) progressively increased over the course of the treatment with the standard feed, presenting significant differences throughout the assay (one-way analysis of variance (ANOVA), F-statistic = 31.09, p-value = 4.18 × 10−5). In contrast, RNA content in the tissue of the larvae under the starvation treatment decreased over the course of the assay. Comparing RNA content when the larvae were 10 days old (Figure 1), a significant difference between larvae fed with the standard feed (C1) and those in starvation (one-way analysis of variance (ANOVA), F-statistic = 11.6, p-value = 0.00362) was found. The average of the RNA/DNA ratio of the treatment with the standard feed (Figure 2) when larvae were 10 days old (5th day of the treatment) was 0.81 ± 0.12, and the starvation treatment had a lower average (0.71 ± 0.06). This ratio presents significant differences between the treatments (two-way ANOVA, F-statistic = 5.873, p-value = 0.0210).




2.2. Assay with Six-Day-Old Larvae (First-Feeding Larvae, One Day Post-Yolk Absorption)


There were significant differences among the three treatments (one-way ANOVA, F-statistic = 1809, p-value = 2 × 10−16) by the final day of the assay (Figure 3). A significantly greater average larval length (7.7 ± 0.3 mm) was obtained with the control feed (control group) than with the microencapsulated Rhodotorula sp. CNYC4007 and with the flour lyophilized of Rhodotorula sp. CNYC4007 (7.0 ± 0.2 mm and 7.1 ± 0.2 mm, respectively; Tukey test; p-value = 0.000125 for both treatments). There were no significant differences in the total length between larvae fed on flour and those fed on microencapsulated Rhodotorula sp. CNYC4007 (Tukey test, p = 0.3641). With respect to the molecular analysis, the three treatments did not present any significant differences over the course of the assay (Kruskal-Wallis p = 0.148), except for the final day (Figure 4) when the RNA/DNA ratios in the larvae in both the treatments with microencapsulated Rhodotorula sp. CNYC4007 and with lyophilized flour (which had the same ratios; 0.8 ± 0.14) were higher than that of the larvae in the control group (0.53 ± 0.09).




2.3. Feeding Six-Day-Old Larvae (Post-Yolk Absorption) with Encapsulation in Brachionus sp.


There were no significant differences in the total length between the larvae (Table 1) fed with rotifers without enrichment (control treatment), rotifers enriched with C2-DHA (positive control) and rotifers enriched with Rhodotorula sp. CNYC4007 (one-way ANOVA, F-statistic = 0.89, p-value = 0.41), nor were significant differences observed in the lengths of larvae from the different treatments on the final day of the assay (one-way ANOVA, F-statistic = 0.34, p-value = 0.72). Similarly, there were no significant differences in the RNA/DNA ratios of the larvae from the three treatments (Kruskal-Wallis p = 0.148), except for 7th day of the assay when larvae are 12 days old (Table 2), the RNA/DNA ratios of larvae fed with Brachionus sp. (control treatments) and Brachionus sp. enriched with C2-DHA (positive control) were significantly lower than those of larvae fed with Rhodotorula sp. CNYC4007 (Tukey test, p = 0.0017 and p = 0.0087, respectively). There were no significant differences (Tukey test, p = 0.6803) between the treatments with Brachionus sp. (control treatment) and Brachionus sp. enriched with C2-DHA (Table 2).




2.4. Experiments with 12-Day-Old Larvae


There were no significant differences in the total length of these larvae (Table 1) used in the treatment with the enriched Artemia sp. nauplii (one-way ANOVA, F-statistic = 0.713, p-value = 0.493), either throughout or on the final day of the assay (one-way ANOVA, F-statistic = 0.869, p-value = 0.43). However, by the final day there were significant differences in the RNA/DNA ratio (Table 2) between the control group and the group treatment with nauplii enriched with C2-DHA and with the strain CNYC4007 (Tukey test, p-value = 0.0003 and p-value = 0.005, respectively). Finally, there were no significant differences on the final day of assay between the treatment with Artemia sp. nauplii enriched with C2-DHA and that with nauplii enriched with CNYC4007 (Tukey test, p-value = 0.39).




2.5. DHA and EPA Enrichment of Artemia sp. nauplii


There was a significant high DHA concentration (Figure 5) in nauplii enriched with the strain CNYC4007 (Rhodotorula sp.) compared to those without enrichment or enriched with C2-DHA (one-way ANOVA, p-value = 0.0036). There were no significant differences in DHA concentrations (p-value > 0.05) between nauplii without enrichment (control treatment) and those fed with C2-DHA. The same was observed with EPA concentrations, which were significantly high for nauplii fed with the strain CNYC4007 (Rhodotorula sp.) compared to those of nauplii without enrichment or enriched with C2-DHA (one-way ANOVA, p-value = 0.00017). There were no significant differences in EPA concentrations (p-value > 0.05) between Artemia sp. nauplii without enrichment (control treatment) and those fed with C2-DHA.





3. Discussion


The use of strains of marine microorganisms in commercial fish feed and other applications, such as a source of food for human consumption, requires in vivo validation. The first step is to rule out toxic effects and then verify the nutritional contribution to the species under study. The condition index of Fulton [37] is generally used for organisms that are sufficiently large to be easily weighed and measured. However, with fish larvae the determination of difference in a very small body mass tends to lack precision. The present work studied the effect of the strain CNYC4007 of the marine basidiomycete Rhodotorula sp. [27] in the RNA/DNA ratio, which was used as a proxy for the nutritional state of Danio rerio larvae. The larvae were fed in their different stages of development and the strain was administered in three forms (flour, microencapsulated, and bioencapsulated).



The results show the efficacy of the RNA/DNA method to evaluate the nutritional condition of larvae in the experiments carried out, given that it effectively distinguished between the conditions of the larvae that were fed and those in starvation (Figure 1 and Figure 2). This method is relevant and has been used above all with animals at the size scale of zooplankton [22,38] and fish larvae [17,39,40]. This ratio is considered a metabolic index and has been used as a measurement of individual growth rate and nutritional state [18,41]. The increase in RNA concentrations in larvae fed with standard feed (Figure 1) suggests there was protein synthesis and with this a progressive increase in larval size throughout the assay, as has been observed with other species like Sardina pilchardus, Engraulis encrasicolus, Atherina presbyter and Paralichthys orbignyanus in different development stages [42]. This pattern concurs with that described by Chung and Segnini [43], who found that RNA levels were higher in rainbow trout larvae that were fed, as opposed to those in starvation. In the present work, average DNA levels per individual were observed to be constant during technical standardization assays (Figure 1). It has been described that DNA levels do not vary under stress, whether caused by starvation or environmental conditions [44]. Coincident with our results, Ben Khemis et al. [17] proposed that RNA/DNA is a useful molecular tool to evaluate larval condition in aquaculture.



In all of the assays the RNA/DNA ratio in the larval stages of Danio rerio ranged between 0.7 and 2. These values were similar to those obtained in Oncorhynchus mykiss (1.5–2.5) [45]. It was observed that the ratio was sensitive to changes in the diet composition; this concurs with what has been described in rainbow trout, where the RNA/DNA ratio of larvae varied in response to distinct protein compositions included in their diet (40–50%) [45]. There were no differences among the feeding treatments when only considering larval length, although there were differences in nutritional state.



The first feeding assay with Danio rerio larvae indicates that the strain Rhodotorula sp. CNYC4007 can be used effectively for this purpose. Larvae fed with flour and microcapsules had similar lengths (Figure 3) and were in a similar nutritional condition (Figure 4), indicating that the two forms of administrating feed can be considered as appropriate. The microencapsulated feed contained stabilizers (maltodextrine and capsule) that protected the fatty acids against moisture, light and other environmental factors [46], which because of storage or contact with water can deteriorate the feed [47]. Furthermore, the preparation of microcapsules only required 4% of the microorganisms biomass required for the flour lyophilized with Rhodotorula sp. CNYC4007 and its physical properties allowed the feed to remain longer on the surface of the water, which facilitates feeding the larvae, in contrast to the flour, which decants rapidly. Thus, the microencapsulation method to administer Rhodotorula sp. (CNYC4007) is recommended for first-feeding the larvae because it is more stable, offers better protection of fatty acids and is more bioavailable than the lyophilized flour method (100% of flour), the latter thus requiring a large quantity of microorganisms to achieve the same effect.



As the larvae grow their mouth size and nutritional requirements increase, because of which the quantity and nutritional composition of the feed must be modified [48]. Because of this, in aquaculture, especially with marine species, live prey such as rotifers and Artemia sp. nauplii are used. However, these have low levels of polyunsaturated fatty acids. Rotifers have 4.19% arachidonic acid and 2.29% docosapentaenoic acid of total fatty acids, with the absence of DHA [16], and Artemia sp. nauplii have low levels of EPA with the absence of DHA [47]. Consequently, it is necessary to enrich these organisms for use as larval feed [13]. With larvae at six days post-yolk absorption (six days old), Rhodotorula sp. CNYC4007 was bioencapsulated in rotifers. The results indicate that the strain is not toxic for Brachionus sp., Artemia sp. nauplii or zebrafish larvae (0% mortality in the assay). In the case of larvae, its presence in the digestive tract was confirmed and larvae presented a better molecular condition than larvae fed on rotifers without enrichment. This concurs with the results obtained with bioencapsulation in rotifers of Schizochytrium mangrovei, a marine fungoid used to enrich live prey [14]. By comparing the fatty acid content of rotifers with and without enrichment, the authors observed that the rotifers absorbed significant levels of the DHA present in the lyophilized of S. mangrovei [14]. Barclay and Zeller [49] also found the DHA content in rotifers fed with Schizochytrium sp. was significantly higher than that of control rotifers fed with beer yeast. Schizochytrium sp. is one of the ingredients included in the formulation of feed, termed in this study as C2-DHA, which was considered as a positive control in experiments in the present work. Both Schizochytrium mangrovei [14] and the strain Rhodotorula sp. CNYC4007, used in this experiment, have high percentages of DHA (31.53% and 27%, respectively, of total fatty acids).



The incorporation of the bioencapsulated strain CNYC4007 in feed resulted in significantly higher concentrations of polyunsaturated fatty acids in Artemia sp. nauplii than in nauplii fed with bioencapsulated C2-DHA (Figure 5). Consequently, Rhodotorula sp. CNYC407, as well as Schizochytrium sp. [50], represent alternative species for enriching nauplii, even though the percentages of DHA and EPA as part of the total of fatty acids differ between the two species (27% and 43% of DHA; 7.2% and 2.8% of EPA for Rhodotorula sp. and Schizochytrium sp., respectively). With larvae at 12 days post-yolk absorption, the RNA/DNA ratio of larvae in the control treatment was lower than that of larvae in the treatment with Artemia sp. nauplii enriched with feed rich in DHA (C2-DHA) and with the strain Rhodotorula sp. CNYC4007. The bioencapsulation of highly unsaturated fatty acids of the omega-3 series in Artemia sp. nauplii has been shown to improve growth and survival of marine fish larvae [51], which concurs with what was observed with the enrichment of Artemia sp. with the strain studied in this work.



Essential fatty acid requirements vary qualitatively and quantitatively with environmental origin and during the ontogeny of fish, with early developmental stages and broodstock being critical periods [3]. Specifically, as there is evidence that n-3 HUFA (highly unsaturated fatty acids) and DHA may be more important and, possibly, essential in the larvae of some species of freshwater fish compared with adults. In marine species, larvae are characterized by having a greater requirement for n-3 HUFA than juvenile and pre-adult fish, although there are relatively few species where the requirements at larval and juvenile stages can be directly compared. Notwithstanding the foregoing, scarce data exists in relation to EFA requirements (expressed as % dry diet), in larvae and early juvenile fish, with values that ranged between 1 to 5% [3], described the fatty acid requirements (n-3/n-6) in zebrafish larvae using larval growth as a proxy, and concluded that a diet with a low n-3/n-6 ratio maximizes growth. This finding is coincident with the requirement of typical warm water species, namely, a higher demand for n-6 PUFA, for example, tilapia.



While this study is based mainly on the use of the RNA/DNA ratio as a proxy for nutritional condition, there are other methods to validate results that could be used in future studies, such as the expression of genes related to growth, which can provide new tools for analyzing growth in fish [52]. The levels of gene expression related to myogenesis and ATP concentrations in rainbow trout are drastically reduced in response to starvation [50]. The analysis of microarrays also shows that starvation in rainbow trout also decreases the levels of gene expression related to lipid metabolism and immune response [53].



All the results obtained indicate that the marine basidiomycete strain Rhodotorula sp. CNYC4007 represents a potential feed and/or supplement for first feeding of zebrafish. Additionally, it can be incorporated in species like rotifers and Artemia sp. nauplii to be bioencapsulated to potentially improve the nutritional state of larvae. All trials carried out in our study considered a comparison between Rhodotorula sp. and commercial sources of fatty acid (formulated diets or emulsions) at different larval stages. In each case, zebrafish larvae fed with Rhodotorula sp. showed at least equal growth and nutritional condition than the larval treatment with the commercial alternative. These results are similar in magnitude to those reported in species with differences in fatty acid metabolism such as Salmo salar parr and Sparus aurata larvae, where fish oil replacement with alternative sources of DHA (Schistochytrium sp. and Crypthecodinium cohnii) was suggested [25,31]. These results are relevant, as in other species, nutritional studies on zebrafish have determined positive or negative influences of some food compounds [34] and correspond to the first step in the screening process for novel ingredients or additives with a potential use in aquaculture [35].



Previous studies on Rhodotorula yeast have proposed it as a source of carotenoids [54], bioactive substances [55] and lipids, but just for aliphatic18-carbon atom fatty acid chains [56]. The Rhodotorula sp. strain CNYC4007 is the only Rhodotorula species that has been reported as a DHA and EPA producer and to the best of our knowledge this is the first work in which a Rhodotorula yeast has been used as feed. Finally, this study seeks to contribute in the search for a sustainable source of PUFAs for feeding fish [57] to avoid the use of fish oil from over-exploited marine resources.




4. Materials and Methods


4.1. Obtaining and Producing the Strain Rhodotorula sp. CNYC4007


The strain used in this study has a 97% identity for the gene 18S ribosomal RNA (rRNA) of Rhodotorula sp. [27]. It was extracted from Caleta Maule, Biobío Region, Chile, and is stored in the National Collection of Yeast Cultures in the UK with the code CNYC4007. Two preparations were obtained from the strain and used in the experiments: lyophilized flour and microencapsulated, which were prepared with atomization drying using two stabilizers (maltodextrin and capsule), following the protocols established by Pino et al. [58]. Formulation and proximate composition of the strain Rhodotorula sp. and commercial diets C1 (Mikrovit Hi-Protein, Silesia, Poland) y C2-DHA (Algamac, Poland) used in experiments are detailed in Table 3.




4.2. Obtaining and Maintaining Danio rerio Larvae


A breeding stock of D. rerio wild type strain was maintained at 27 ± 1 °C with a 12:12 h light:dark photoperiod and constant filtration. Males and females of the same age were kept together in a glass aquarium with a density not exceeding four to five fish/L. The fish were fed twice daily with Artemia sp. nauplii (Utah strain; Aquafauna Bio-Marine Inc., Hawthorne, CA, USA) and TetraMin tropical flakes. To obtain the larvae needed for the experiments, spawning was induced at three-day intervals by placing plastic receptacles in the culture systems. The fertilized eggs were removed from the receptacles and washed twice, first with a mixture of 1× reconstituted saline solution (E3 medium: NaCl2 19 mM; KCl 9 mM; CaCl2 16 mM; MgSO4 17 mM; Merck & Co., Inc., Kenilworth, NJ, USA) and methylene blue 0.01% (w/v) and then with 1× E3 medium. The healthy embryos were incubated in a temperature controlled camera (27 °C) until hatching occurred.



In preliminary observations on early development of zebra fish larvae we assessed the exact moment when the larvae had the adequate mouth size to begin the feeding with rotifers and Artemia sp. nauplii. At six days post-fertilization the larvae had completed yolk absorption and were used in first-feeding experiments (larvae at six days post-yolk absorption) or continued maturing until reaching the phase required for the subsequent experiments, when the larvae were 12 days old (larvae at 12 days post-yolk absorption). Plastic wells (700 mL) were used as rearing chambers, and installed in the aquariums. To ensure optimal water quality, the wells were equipped with mesh walls to allow for water circulation. The remains of feed and fecal matter were regularly removed from the bottom of the wells. Wells of different sizes were used for the feeding experiments according to larval size. The wells were placed in a 50-L tank at 26 °C, with constant oxygenation and a light/darkness ratio 14:10. The water was partially changed every two days to maintain optimal quality (total ammonia nitrogen (TAN) = 0.2 mg L−1; conductivity = 201.9 μS cm−1, pH = 7.5, dissolved oxygen = 7.32 mg L−1).




4.3. Validation of the RNA/DNA Method for Danio rerio Larvae


An assay was conducted with first-feeding larvae (one day post-yolk absorption), when the larvae were 6 days old, to validate the RNA/DNA method to compare larvae fed with a standard commercial feed (C1; Mikrovit Hi-Protein Table 3) and larvae in starvation. Three larvae from each treatment (group) were randomly selected every day to determine RNA and DNA concentrations. The experiment lasted six days, when larvae were 11 days old, given that by this day there was 100% mortality of the larvae in starvation, because of which the statistical analysis was applied only up to the tenth day.




4.4. Estimating Larval Growth


Individual larvae were removed from the wells for analysis in all of the experiments. Cold anesthesia was used for observation and measurement. Larvae were placed individually in a petri dish over a gel pack bar frozen at −20 °C. Observations and measurements were made under a stereoscopic magnifying glass equipped with a digital camera (Canon EOS REBEL T3, Canon U.S.A., Inc., Huntington, NY, USA). Photographs of the larvae were analyzed using Image Pro-Plus 6.0 software, Media Cybernetics, Inc., Rockville, MD, USA. Magnifications of 10× or 12× was used to determine the total length depending on the size of the larvae. The distance from the mouth to the posterior point of the notochord was measured for pre-flexion larvae, while the distance from the mouth to the hypural plate (standard length) was used for more developed larvae. After measurement, the larvae were immediately placed in Eppendorf tubes and stored at −80 °C.




4.5. Experiments with First-Feeding Age Larvae


4.5.1. Feeding with Rhodotorula sp. CNYC4007 Lyophilized in Flour and in Microcapsules


Thirty first-feeding age larvae (one day post-yolk absorption), when the larvae were six days old, they were placed in 700-mL wells. The experiment involved three treatments: (1) larvae fed with standard commercial feed (control group; C1); (2) larvae fed with flour lyophilized of the strain Rhodotorula sp. CNYC4007; and (3) larvae fed with flour microencapsulated of Rhodotorula sp. CNYC4007 (Table 1). A preliminary experiment established a biomass of 30 mg (for 30 larvae) as an adequate daily ration of commercial feed and the lyophilized flour and 150 mg for microencapsulate. The experiment lasted nine days during which unconsumed feed was removed daily. Every second day three larvae per replicate were removed, measured (detail point 4) and stored at −80 °C individually for subsequent molecular analysis (detail point 7).




4.5.2. Larval Feeding with Bioencapsulation in Brachionus sp.


Rotifers used in this experiment were enriched following the protocol of Estudillo del Castillo et al. [16]. The assay involved three treatments with respective replicates: (1) larvae fed with non-enriched rotifers (control group; C1); (2) larvae fed with rotifers enriched with a commercial feed high in DHA (C2-DHA); and (3) larvae fed with rotifers enriched with flour lyophilized of Rhodotorula sp. CNYC4007. Each replicate involved 20 larvae in a 300-mL well with 0.2-mm mesh walls that allowed for the flow of water while preventing rotifers from escaping. On a daily basis, 1.000 enriched rotifers and 1.000 without enrichment were applied according to the treatment, following the individual ration. Six randomly selected larvae (three per replicate) were removed from each treatment, then observed, measured (see point 4) and stored individually at −80 °C for subsequent molecular analysis (see point 7).





4.6. Experiments with Larvae at 12 Days Post-Yolk Absorption


To carry out this experiment Artemia sp. (Utah strain; Aquafauna Bio-Marine Inc.) nauplii were enriched with Rhodotorula sp. CNYC4007 in the form of lyophilized flour. The time and conditions of the enrichment were defined by modifying the protocols from Silva [48]. Six hundred Artemia sp. nauplii (8 h post-hatching) were placed in 15-mL tubes containing 5 mL of seawater. The tubes were incubated with continuous light and strong aeration at 26 °C. Three mg of C2-DHA or 3 mg of flour lyophilized with CNYC4007 were added, respectively, to the two tubes. The tubes containing nauplii with and without enrichment were kept under the same conditions. The enrichment time was 16 h, after which the nauplii were sieved (88 µm), washed and re-suspended in 2 mL of distilled water to proceed with feeding the larvae.



The experimental design involved three treatments: (1) Larvae fed with Artemia sp. nauplii without enrichment (control group; C1); (2) Larvae fed with Artemia sp. nauplii enriched with C2-DHA (positive control group); and (3) Larvae fed with Artemia sp. nauplii enriched with flour lyophilized with Rhodotorula sp. CNYC4007. Thirty larvae were placed in 700-mL containers (3 replicates per treatment). The experiment lasted nine days. Every second day three larvae per replicate were removed, observed, measured and then stored individually at −80 °C for subsequent molecular analysis. In all the trials (flour, rotifers and Artemia sp. nauplii) at the moment of photographing each larvae the presence of food in the gut was visually verified and then stored for posterior molecular analysis.




4.7. Obtaining the RNA/DNA Ratio Used as a Proxy for the Condition of Danio rerio Larvae


The protocol from Clemmensen [59], with modifications, was used to extract larval nucleic acid. The larvae were treated with Tris-EDTA (Ethylenediaminetetraacetic acid) buffer (Tris-HCl 0.05 M; NaCl 0.1 M; EDTA 0.01 M at pH 8.0) and SDS (sodium dodecyl sulfate) at 20% p/v, after which proteinase K (20 mg/mL) was added and homogenized with a glass swab until a uniform solution was observed. The solution was then centrifuged for one minute and placed in a thermo-regulated bath (50 °C) for 10 min, after which the samples were transferred to −20 °C for 20 min. The procedure of heating and cooling the samples was repeated three times, following which the samples were centrifuged. Chloroform, phenol and isoamyl alcohol (24:25:1) was added and homogenized in an extraction chamber. After centrifugation for 15 min, the supernatant was transferred to a sterile Eppendorf tube.



Nucleic acids were determined separately using the Quantifluor ONE dsDNA System (Promega Co., Fitchburg, WI, USA) for DNA and the Quantifluor RNA System (Promega Co., Fitchburg, WI, USA) for RNA. The samples were prepared according the suppliers protocols. Fluorescence was measured in a multi-detection microplate reader (BioTek, Winooski, VT, USA, model FL×800) under a blue optical channel with excitation of 492 nm and an emission of 540 nm.




4.8. Analysis of Fatty Acid Content in Artemia sp. nauplii


Polyunsaturated fatty acids were extracted from Artemia sp. nauplii by saponification reaction and quantified by HPLC following the methodology described by Li et al. [60]. To do this, 100 mg of Artemia sp. nauplii without enrichment, enriched with C2-DHA and flour lyophilized from the strain of Rhodotorula sp. CNYC4007 was used, each in triplicate. One mL of NaOH at 0.5 M in 96% of ethanol was added to the samples and homogenized with an Ultra Turrax for one minute. Samples were centrifuged at 7000 rpm for 5 min to eliminate solid residues after cell rupture. One mL of HCl at 0.6 N and 3 mL of ethyl acetate (LiChrosolv®, Rochester, NY, USA) was added to the supernatant and agitated with vortex for one minute and incubated for 30 min at room temperature. The treated samples were dried by a current of nitrogen (N2(g)) to eliminate the organic solvent, lyophilized to eliminate the remains of water and stored at −20 °C until subsequent chromatographic analysis. Polyunsaturated fatty acids were quantified with a HPLC VWR™ HITACHI (VWR International Ltd., Lutterworth, UK) with an organizer (model L-2000), an ultraviolet (UV) detector (model L-2400), gradient editing pump (model L-2100/2130) and a 15-cm-by-4.6-mm LC-18 column (Supelco®, Sigma-Aldrich, Inc., Darmstadt, Germany). The mobile phase consisted of a flow of 1 mL per min−1 of gradient A (25% acetonitrile), to 50% of gradient B (100% acetonitrile), with a flow of 2 mL per min−1 for the first 15 min and then 1 mL per min−1 for another 15 min. DHA and EPA were identified through the construction of their respective calibration curves using HPLC grade standards (Sigma-Aldrich®, Darmstadt, Germany) with an injection volume of 10 µL [27].




4.9. Statistical Analysis


The Statistica 10 program was used to analyze the data obtained. In the first step the homogeneity of variance (Bartlett, London, UK) and normality of data (Kolmogorov-Smirnov test) was analyzed. A two-way ANOVA and multiple Tukey comparison test was applied for total larval length, DNA and RNA concentrations and the RNA/DNA ratio. The treatments were compared on the final day of the assay. The Kruskal-Wallis test was applied to data that did not present homogeneity of variance or normality. Mean was considered significant when probability was less than 0.05 (p < 0.05).








Acknowledgments


The authors are grateful for funding from COPAS Sur-Austral CONICYT PIA PFB31 of Universidad de Concepción. They also would like to thank the Marine Biotechnology Unit and the Project VIU120023 and VIU 15E0053 of Concurso Nacional de Valorización Universitaria, FONDEF of CONICYT.




Author Contributions


R. R. González-Saldía, N. Pino-Maureira, A. Llanos-Rivera y M. Barra conceived and designed the experiments; M. Barra performed the experiments; A. Llanos-Rivera, M. Barra y F. Cruzat analyzed the data; F. Cruzat also help to standardized RNA/DNA method; N. Pino-Maureira provided the biomass and microencapsulated of Rhodotorula sp. CNYC4007 for experiment; R. R. González-Saldía wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Food and Agriculture Organization (FAO). El Estado Mundial de la Pesca y Acuicultura; Departamento de Pesca y Acuicultura: Roma, Italy, 2004; pp. 1–115. [Google Scholar]

	



Food and Agriculture Organization (FAO). El Estado Mundial de la Pesca y Acuicultura; Departamento de Pesca y Acuicultura: Roma, Italy, 2012; pp. 1–251. [Google Scholar]

	



Tocher, D.R. Fatty acid requirement in ontogeny of marine and freshwater fish. Aquac. Res. 2010, 41, 717–732. [Google Scholar] [CrossRef]

	



Food and Agriculture Organization (FAO). El Estado Mundial de la Pesca y Acuicultura; Departamento de Pesca y Acuicultura: Roma, Italy, 2008; pp. 1–280. [Google Scholar]

	



Hardy, R.W.; Higgs, D.A.; Lalla, S.P.; Tacon, A.G.J. Alternative dietary protein and lipid sources for sustainable production of salmonids. Fisken og Havet 2001, 8, 44. [Google Scholar]

	



Izquierdo, M.S.; Turkmen, S.; Montero, D.; Zamorano, M.J.; Afonso, J.M.; Karalazos, V.; Fernández-Palacios, H. Nutritional programming through broodstock diets to improve utilization of very low fishmeal and fish oil diets in gilthead sea bream. Aquaculture 2015, 449, 18–26. [Google Scholar] [CrossRef]

	



Izquierdo, M.; Socorro, J.; Arantzamendi, L.; Hernandez-Cruz, C. Recent advances in lipid nutrition in fish larvae. Fish Physiol. Biochem. 2000, 22, 97–107. [Google Scholar] [CrossRef]

	



Hardy, R.W. Utilization on plant proteins in fish diets: Effects of global demand and supplies of fishmeal. Aquac. Res. 2010, 41, 770–776. [Google Scholar] [CrossRef]

	



Arslan, M.; Sirkecioglu, N.; Bayir, A.; Arslan, H.; Aras, M. The Influence of substitution of dietary fish oil with different vegetable oils on performance and fatty acid composition of brown trout, Salmo trutta. Turk. J. Fish. Aquat. Sci. 2012, 12, 575–583. [Google Scholar] [CrossRef]

	



Díaz, N. Efecto de la Relación EPA/DHA en Larvas de Puye (Galaxias maculatus, Jenyns. 1842), Cultivadas en Diferentes Salinidades. Tesis de Grado, Facultad de Acuicultura y Ciencias Veterinarias, Universidad Católica de Temuco, Temuco, Chile, 2004; p. 70. [Google Scholar]

	



Kaushik, S.; Georga, I.; Koumoundouros, G. Growth and body composition of zebrafish (Danio rerio) larvae fed a compound feed from first feeding onward: Toward implications on nutrients requirements. Zebrafish 2011, 8, 87–95. [Google Scholar] [CrossRef] [PubMed]

	



Li, K.; Ostensen, M.; Attramadal, K.; Winge, P.; Sparstad, T.; Bones, A.; Vadstein, O.; Kjørsvik, E.; Olsen, Y. Gene regulation of lipid and phospholipid metabolism in Atlantic cod (Gadus morhua) larvae. Comp. Biochem. Physiol. Part B 2015, 190, 16–26. [Google Scholar] [CrossRef] [PubMed]

	



Hamre, K.; Harboe, T. Artemia enriched with high n-3 HUFA may give a large improvement in performance of Atlantic halibut (Hippoglossus hippoglossus L.) larvae. Aquaculture 2008, 277, 239–243. [Google Scholar] [CrossRef]

	



Estudillo del Castillo, C.; Gapasin, R.; Leaño, E. Enrichment potential of HUFA-rich thraustochytrid Schizochytrium mangrovei for the rotifer Brachionus plicatilis. Aquaculture 2009, 293, 57–61. [Google Scholar] [CrossRef]

	



Satuino, C.; Hirayama, K. Fat-soluble vitamin requirements of the rotifer Brachionus plicatilis. In The First Asian Fisheries Forum; Maclean, L., Dizon, L.B., Hosillos, L.V., Eds.; Asian Fisheries Society: Manila, Philippines, 1986; pp. 619–622. [Google Scholar]

	



Hawkyard, M.; Sæle, Ø.; Nordgreen, A.; Langdon, C.; Hamre, K. Effect of iodine enrichment of Artemia sp on their nutritional value for larval zebrafish (Danio rerio). Aquaculture 2001, 316, 37–43. [Google Scholar] [CrossRef]

	



Ben Khemis, I.; de la Noue, J.; Audet, C. Feeding larvae of winter flounder Pseudopleuronectes americanus (Walbaum) with live prey or microencapsulated diet: Linear growth and protein, RNA and DNA content. Aquac. Res. 2000, 31, 377–386. [Google Scholar] [CrossRef]

	



Robinson, S.; Ware, D. Ontogenetic development of growth rates in larval Pacific herring, Clupea harengus pallasi, measured with RNA/DNA ratios in the Strait of Georgia, British Columbia. Can. J. Fish. Aquat. Sci. 1988, 45, 1422–1429. [Google Scholar] [CrossRef]

	



Chícharo, M.; Chícharo, L. RNA: DNA Ratio and Other Nucleic Acid Derived Indices in Marine Ecology. Int. J. Mol. Sci. 2008, 9, 1453–1471. [Google Scholar] [CrossRef] [PubMed]

	



Wing, N.; Campbell, P.; Dick, J.; Bell, J. Interactive effect of dietary palm oil concentration and water temperature on lipid digestibility in rainbow trout, Oncorhynchus mykiss. Lipids 2003, 38, 1031–1038. [Google Scholar]

	



Turchini, G.; Torstensen, B.; Ng, W. Fish oil replacement in finfish nutrition. Rev. Aquac. 2009, 1, 10–57. [Google Scholar] [CrossRef]

	



Valenzuela, A.; Sanhueza, J.; De la Barra, F. El aceite de pescado: Un desecho industrial transformado en un producto de alto valor comercial. Grasas Aceites 2011, XXII, 84–98. [Google Scholar]

	



Morais, S.; Pratoomyot, J.; Taggart, J.; Bron, J.; Guy, D.; Gordon, J.; Tocher, D. Genotype-specific responses in Atlantic salmon (Salmo salar) subject to dietary fish oil replacement by vegetable oil: A liver transcriptomic analysis. BMC. Genom. 2011, 12, 255–259. [Google Scholar] [CrossRef] [PubMed]

	



Kiron, V. Fish immune system and its nutritional modulation for preventive health care. Anim. Feed Sci. 2012, 173, 111–133. [Google Scholar] [CrossRef]

	



Miller, M.; Nichols, P.; Carter, C. Replacement of fish oil with thraustochytrid Schizochytrium sp L oil in Atlantic salmon parr (Salmo salar L) diets. Comp. Biochem. Physiol. Part A 2007, 148, 382–392. [Google Scholar] [CrossRef] [PubMed]

	



Armenta, R.E.; Valentine, M.C. Single-Cell Oils as a Source of Omega-3 Fatty Acids: An Overview of Recent Advances. J. Am. Oil Chem. Soc. 2013, 90, 167–182. [Google Scholar] [CrossRef]

	



Pino, N.L.; Socias, C.; González, R.R. Marine fungoid producers of DHA, EPA and carotenoids from central and southern Chilean marine ecosystems. Rev. Biol. Mar. Oceanogr. 2015, 50, 507–520. [Google Scholar] [CrossRef]

	



Iida, I.; Nakahara, T.; Yocochi, T.; Kamisaka, Y.; Yagi, H.; Yamaoka, M.; Suzuki, O. Improvement of docosahexaenoic acid production in a culture of Thraustochytrium aureum by medium optimization. J. Ferment. Bioeng. 1996, 81, 76–78. [Google Scholar] [CrossRef]

	



Akanbi, T.O.; Barrow, C.J. Candida antarctica lipase A effectively concentrates DHA from fish and thraustochytrid oils. Food Chem. 2017, 229, 509–516. [Google Scholar] [CrossRef] [PubMed]

	



Fan, K.W.; Chen, F.; Jones, E.B.G.; Vrijmoed, L.L.P. Eicosapentaenoic and docosahexaenoic acids production by and okara-utilizing potential of thraustochytrids. J. Ind. Microbiol. Biotechnol. 2001, 27, 199–202. [Google Scholar] [CrossRef] [PubMed]

	



Ganuza, E.; Benitez-Santana, T.; Atalah, E.; Vega-Orellana, O.; Ganga, R.; Izquierdo, M. Crypthecodinium cohnii and Schizochytrium sp as potential substitutes to fisheries-derived oils from seabream (Sparus aurata) microdiets. Aquaculture 2008, 277, 109–116. [Google Scholar] [CrossRef]

	



Alestrom, P.; Holter, J.; Nourizadeh-Lillabadi, R. Zebrafish in functional genomics and aquatic biomedicine. Trends Biotechnol. 2006, 24, 15–21. [Google Scholar] [CrossRef] [PubMed]

	



Ulloa, P.; Iturra, P.; Neira, R.; Araneda, C. Zebrafish as a model organism for nutrition and growth: Towards comparative studies of nutritional genomics applied to aquacultured fishes. Rev. Fish Biol. Fish. 2011, 21, 649–666. [Google Scholar] [CrossRef]

	



Ribas, L.; Piferrer, F. The zebrafish (Danio rerio) as a model organism, with emphasis on applications for finfish aquaculture research. Rev. Aquac. 2014, 6, 209–240. [Google Scholar] [CrossRef]

	



Ulloa, P.E.; Medrano, J.F.; Feijoo, C.G. Zebrafish as animal model for aquaculture nutrition research. Front. Genet. 2014, 5, 313. [Google Scholar] [CrossRef] [PubMed]

	



Hedrera, M.I.; Galdames, J.A.; Jimenez-Reyes, M.F.; Reyes, A.E.; Avendaño-Herrera, R.; Romero, J.; Feijóo, C.G. Soybean Meal Induces Intestinal Inflammation in Zebrafish Larvae. PLoS ONE 2013, 8, e69983. [Google Scholar] [CrossRef] [PubMed]

	



Fulton, T. Rate of Growth of Sea-Fishes; Neill & Co.: Edinburgh, UK, 1902; Volume 1, p. 20. [Google Scholar]

	



Ikeda, T.; San, F.; Yamaguchi, A.; Matsuishi, T. RNA: DNA ratios of calanoid copepods from the epipelagic through abyssopelagic zones of the North Pacific Ocean. Aquat. Biol. 2007, 1, 99–108. [Google Scholar] [CrossRef]

	



Bulow, J.F. RNA-DNA ratios as indicators of growth rates in fish: A review. In The Age and Growth of Fish; Summerfelt, R.C., Hall, G.E., Eds.; The Iowa State University Press: Ames, IA, USA, 1987; pp. 45–64. [Google Scholar]

	



Caldarone, E.; Onge-Burns, J.; Buckley, L. Relationship of RNA/DNA ratio and temperature to growth in larvae of Atlantic cod Gadus morhua. Mar. Ecol. Prog. Ser. 2003, 262, 229–240. [Google Scholar] [CrossRef]

	



Buckley, L. RNA-DNA ratio: An index of larval fish growth in the sea. Mar. Biol. 1984, 80, 291–298. [Google Scholar] [CrossRef]

	



Olivar, M.; Díaz, M.; Chícharo, A. Tissue effect on RNA: DNA ratios of marine fish larvae. Sci. Mar. 2009, 73, 171–182. [Google Scholar] [CrossRef][Green Version]

	



Chung, K.; Segnini, M. RNA-DNA ratio as physiological condition of rainbow trout fry fasted and fed. Ital. J. Zool. 1998, 65, 517–519. [Google Scholar] [CrossRef]

	



Narayan, S.; Archana, L.; Ranjan, R. Effects of dietary protein concentrations on growth and RNA: DNA ratio of rainbow trout (Oncorhynchus mykiss) cultured in Nuwakot district of Nepal. Int. J. Fish. Aquat. Stud. 2014, 1, 184–188. [Google Scholar]

	



Moreau, D.; Rosenberg, M. Microstructure and fat extractability in microcapsules based on whey proteins or mixtures of whey proteins and lactose. Food Struct. 1993, 12, 457–468. [Google Scholar]

	



Habi Mat Dian, N.; Sudin, N.; Affandi, Y. Characteristics of microencapsulated palm-based oil as affected by type of wall material. J. Sci. Food Agric. 1996, 70, 422–426. [Google Scholar] [CrossRef]

	



Navarro, J.; Henderson, J.; McEvoy, L.; Bell, M.; Amat, F. Lipid conversions during enrichment of Artemia. Aquaculture 1999, 174, 155–166. [Google Scholar] [CrossRef]

	



Silva, A. Cultivo de Peces Marinos; Departamento de Acuicultura, Facultad de Ciencias del Mar, Universidad Católica del Norte: Coquimbo, Chile, 2005. [Google Scholar]

	



Barclay, W.; Zeller, S. Nutritional enhancement of n-3 and n-6 fatty acids in rotifers and Artemia nauplii by feeding spray-dried Schizochytrium sp. J. World Aquac. Soc. 1996, 27, 314–322. [Google Scholar] [CrossRef]

	



Johansen, K.A.; Overturf, K. Alterations in expression of genes associated with muscle metabolism and growth during nutritional restriction and refeeding in rainbow trout. Comp. Biochem. Physiol. Part B 2006, 144, 119–127. [Google Scholar] [CrossRef] [PubMed]

	



Izquierdo, M.; Arakawa, T.; Takeuchi, R.; Haroun, R.; Watanabe, T. Effect of ω-3 HUFA levels in Artemia on growth of larval Japanese flounder (Paralicthys olilaceus). Aquaculture 1992, 105, 73–82. [Google Scholar] [CrossRef]

	



Masuda, Y.; Oku, H.; Okumura, T.; Nomura, K.; Kurokawa, T. Feeding restriction alters expression of some ATP related genes more sensitively than the RNA/DNA ratio in zebrafish, Danio rerio. Comp. Biochem. Physiol. Part B 2009, 152, 287–291. [Google Scholar] [CrossRef] [PubMed]

	



Salem, M.; Silverstain, J.; Rexroad, C.; Yao, J. Effect of starvation on global gene expression and proteolysis in rainbow trout (Oncorhynchus mykiss). BMC. Genom. 2007, 8, 328. [Google Scholar] [CrossRef] [PubMed]

	



Frengova, G.I.; Beshkova, D.M. Carotenoids from Rhodotorula and Phaffia: Yeasts of biotechnological importance. J. Ind. Microbiol. Biotechnol. 2009, 36, 163–180. [Google Scholar] [CrossRef] [PubMed]

	



MacDonald, M.C.; Arivalagan, P.; Barre, D.E.; MacInnis, J.A.; D’Cunha, G.B. Rhodotorula glutinis Phenylalanine/Tyrosine Ammonia Lyase Enzyme Catalyzed Synthesis of the Methyl Ester of para-Hydroxycinnamic Acid and its Potential Antibacterial Activity. Front. Microbiol. 2016, 7, 281. [Google Scholar] [CrossRef] [PubMed]

	



Taskin, M.; Ortucu, S.; Aydogan, M.N.; Arslan, N.P. Lipid production from sugar beet molasses under non-aseptic culture conditions using the oleaginous yeast Rhodotorula glutinis TR29. Renew. Energy 2016, 99, 198–204. [Google Scholar] [CrossRef]

	



Sprague, M.; Betancor, M.B.; Tocher, D.R. Microbial and genetically engineered oils as replacements for fish oil in aquaculture feeds. Biotechnol. Lett. 2017, 39, 1599–1609. [Google Scholar] [CrossRef] [PubMed]

	



Pino, N.; Gómez, C.; González, R.R. Proceso de Obtención de Biomasa del Fungoide Marino CNYC 4007, Uso de la Biomasa y Suplemento Alimenticio que Contiene Esta Biomasa; Solicitud CL201402916; Instituto de Propiedad Industrial: Santiago, Chile, 2014.

	



Clemmensen, C. RNA/DNA ratios of laboratory reared and wild herring larvae determined with a highly sensitive fluorescence method. J. Fish Biol. 1989, 35, 331–333. [Google Scholar] [CrossRef]

	



Li, Z.; Gu, T.; Kelder, B.; Kopchick, J. Analysis of fatty acids in mouse cells using Reversed-Phase High-Performance Liquid. Chromatographia 2001, 54, 463–467. [Google Scholar] [CrossRef]








[image: Marinedrugs 15 00369 g001 550] 





Figure 1. Average nucleic acid content (ng) versus larvae age of Danio rerio fed with standard feed compared to treatment with larvae in starvation. Each point represents the average of four larvae per treatment. * p < 0.05. 
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Figure 2. Ribonucleic acid (RNA)/deoxyribonucleic acid (DNA) ratio versus test of larvae of Danio rerio fed with standard feed compared to that of larvae in starvation. The daily average is based on four larvae per treatment. * p < 0.05. 
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Figure 3. Total length versus larvae age of Danio rerio at first feeding larvae. The daily average is based on six larvae per treatment. * p < 0.05. 
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Figure 4. RNA/DNA ratio versus larvae age of Danio rerio at first feeding larvae. The daily average daily is based on six larvae per treatment. * p < 0.05. 
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Figure 5. Average DHA and eicosapentaenoic acid (EPA) concentrations (± S.D.) in Artemia sp. nauplii without enrichment (C1), fed feed rich in DHA (C2-DHA) and fed with the strain Rhodotorula sp. CNYC4007. * p-value < 0.05. 
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Table 1. Total larval length (average ± SD) for assay with six-day-old larvae of Danio rerio after post-yolk absorption. Larvae were fed with bioencapsulated Brachionus sp. rotifers and Artemia sp. nauplii. The daily average is based on six larvae per treatment. C1: without enrichment; C2-DHA: feed rich in docosahexaenoic acid (DHA) treatment; CNYC4007: Rhodotorula sp. CNYC4007 treatment.






Table 1. Total larval length (average ± SD) for assay with six-day-old larvae of Danio rerio after post-yolk absorption. Larvae were fed with bioencapsulated Brachionus sp. rotifers and Artemia sp. nauplii. The daily average is based on six larvae per treatment. C1: without enrichment; C2-DHA: feed rich in docosahexaenoic acid (DHA) treatment; CNYC4007: Rhodotorula sp. CNYC4007 treatment.





	
Larvae Age (Days)

	
Total Length Larvae (mm)




	
Brachionus sp.

	
Artemia sp. nauplii




	
C1

	
C2-DHA

	
CNYC4007

	
C1

	
C2-DHA

	
CNYC4007






	
6

	
5.0 ± 0.2

	
5.0 ± 0.2

	
5.0 ± 0.2

	
n/a

	
n/a

	
n/a




	
8

	
5.2 ± 0.3

	
5.5 ± 0.4

	
5.1 ± 0.2

	
n/a

	
n/a

	
n/a




	
10

	
5.6 ± 0.1

	
5.6 ± 0.3

	
5.6 ± 0.3

	
n/a

	
n/a

	
n/a




	
12

	
5.6 ± 0.1

	
5.7 ± 0.2

	
5.8 ± 0.2

	
5.6 ± 0.3

	
5.6 ± 0.3

	
5.6 ± 0.3




	
14

	
n/a

	
n/a

	
n/a

	
5.6 ± 0.3

	
5.7 ± 0.3

	
5.8 ± 0.4




	
16

	
n/a

	
n/a

	
n/a

	
5.6 ± 0.2

	
6.0 ± 0.3

	
6.0 ± 0.4




	
18

	
n/a

	
n/a

	
n/a

	
6.6 ± 0.1

	
6.9 ± 0.3

	
7.0 ± 0.3




	
20

	
n/a

	
n/a

	
n/a

	
9.5 ± 0.4

	
10.2 ± 0.3

	
10.1 ± 0.7




	
22

	
n/a

	
n/a

	
n/a

	
9.9 ± 0.8

	
10.6 ± 0.3

	
10.6 ± 0.5
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Table 2. RNA/DNA ratio for assay with six-day-old larvae of Danio rerio after post-yolk absorption. Larvae were fed with bioencapsulated Brachionus sp. rotifers and Artemia sp. nauplii. The daily average is based on six larvae per treatment. C1: without enrichment; C2-DHA: feed rich in DHA treatment; CNYC4007: Rhodotorula sp. CNYC4007 treatment.






Table 2. RNA/DNA ratio for assay with six-day-old larvae of Danio rerio after post-yolk absorption. Larvae were fed with bioencapsulated Brachionus sp. rotifers and Artemia sp. nauplii. The daily average is based on six larvae per treatment. C1: without enrichment; C2-DHA: feed rich in DHA treatment; CNYC4007: Rhodotorula sp. CNYC4007 treatment.





	
Larvae Age (Days)

	
RNA/DNA Ratio




	
Brachionus sp.

	
Artemia sp. nauplii




	
C1

	
C2-DHA

	
CNYC4007

	
C1

	
C2-DHA

	
CNYC4007






	
6

	
1.1 ± 0.2

	
1.1 ± 0.2

	
1.1 ± 0.2

	
n/a

	
n/a

	
n/a




	
8

	
1.3 ± 0.2

	
1.1 ± 0.3

	
1.4 ± 0.3

	
n/a

	
n/a

	
n/a




	
10

	
1.2 ± 0.2

	
1.5 ± 0.1

	
1.5 ± 0.3

	
n/a

	
n/a

	
n/a




	
12

	
1.0 ± 0.2

	
1.1 ± 0.1

	
1.4 ± 0.2 *

	
0.8 ± 0.2

	
0.8 ± 0.2

	
0.8 ± 0.2




	
14

	
n/a

	
n/a

	
n/a

	
1.1 ± 0.1

	
0.9 ± 0.2

	
1.1 ± 0.3




	
16

	
n/a

	
n/a

	
n/a

	
1.0 ± 0.1

	
1.1 ± 0.2

	
1.1 ± 0.3




	
18

	
n/a

	
n/a

	
n/a

	
1.0 ± 0.2

	
1.1 ± 0.1

	
1.2 ± 0.2




	
20

	
n/a

	
n/a

	
n/a

	
0.8 ± 0.1

	
1.1 ± 0.1

	
1.1 ± 0.1




	
22

	
n/a

	
n/a

	
n/a

	
0.8 ± 0.1 *

	
1.1 ± 0.1

	
1.0 ± 0.1








* = p-value < 0.05; n/a = not available.
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Table 3. Proximate composition of the diets used as a control (C1), positive control (C2-DHA) and the strain Rhodotorula sp. CNYC4007.
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	Components (%)
	C1
	C2-DHA
	CNYC4007 Microencapsulated
	CNYC4007 Meal





	Protein
	49
	17.6
	n/a
	n/a



	Carbohydrate
	n/a
	15.9
	92.5
	36.0



	Fat
	8.5
	56.2
	0.3
	7.6



	Nitrogen compounds
	n/a
	n/a
	1.4
	6.1



	Fiber
	3
	n/a
	1.2
	1.7



	Moisture
	6
	2.1
	3.7
	83.1



	Ash
	n/a
	8.2
	0.5
	7.6



	Calories (kcal)
	n/a
	640
	378.2
	169.8







n/a = not available.
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