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Abstract

:

Currently, there is an urgent need for the growing aquaculture sector to rely on sustainable ingredients which can achieve optimal growth while maintaining fish’s nutritional value (especially omega-3 fatty acid content) for human consumption. Here, C. reinhardtii biomass was substituted for fishmeal in zebrafish (Danio rerio) diets in wild-type and mutant (Casper) strains. Four isonitrogenous (46% cp), isocaloric (19–21 MJ/kg DW) diets were prepared with C. reinhardtii replacing 10% (C10), 20% (C20), and 50% (C50) of the fishmeal component of the diet formulation. Over 8 weeks of feeding trials, the zebrafish showed a significant growth improvement when fed C10, C20, and C50 compared with the control (no C. reinhardtii), with C20 giving the best performance in terms of growth, feed conversion ratio (FCR), and specific growth rate (SGR). Interestingly, C. reinhardtii in the diet increased the levels of linolenic acid (C18:3 n-3) and hexadecatrienoic acid (C16: 4-n-3) (p ≤ 0.05) in the zebrafish. Yellow pigmentation, which was shown to be lutein, was observed in eggs and zebrafish flesh for fish fed a diet containing C. reinhardtii. Moreover, the zebrafish assimilated β-carotene from C. reinhardtii and converted it to vitamin A. Overall, while replacing 20% of fishmen in the zebrafish’s diet with C. reinhardtii biomass offers the best results, replacement with only 10% showed a significant benefit for the zebrafish. Furthermore, replacing fishmeal with 50% C. reinhardtii is still possible and beneficial, and C. reinhardtii whole cells are digestible by zebrafish, thus demonstrating that C. reinhardtii not only has the potential to serve as a feed supplement but that it can also act as a feed substitute once the production cost of microalgae becomes competitive.
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1. Introduction


Aquaculture produces almost 50% of the fish intended for human consumption [1]. Aquaculture is also one of the fastest-growing food sectors, with an expectation that it will double in capacity by 2050 to cater for the growing global demand for fish, leading to improved nutrition and food security while reducing the burden on wild fisheries [1]. Globally, fish (wild and farmed) provide about 16% of animal protein for the human diet as well as important n-3 fatty acids and essential minerals [2].



The aquafeed industry currently relies heavily on marine ingredients including wild marine forage fish and the by-products of fish processing to provide fishmeal (FM) and fish oil (FO) [3]. Fishmeal supplies aquaculture with high-value protein, essential micronutrients, vitamins, minerals, and lipids, especially long-chain polyunsaturated fatty acids (LC-PUFA); thus, it is considered as the gold standard feed [4].



Currently, the term fish-in-fish-out (FIFO) is used to express the efficiency with which the fishmeal and fish oil from wild fish are converted into farmed fish bodies [5]. This figure has continuously declined from (0.47) in 2000 to (0.19) in 2020, which means that each 1 kg of wild fish gives 5 kg of farmed fish [6]. Keeping this figure in mind, the use of wild fish in aquafeed is more efficient than using them in direct human consumption, although 90% of wild-caught fish are of food grade [5]. However, there are many economic and environmental challenges caused by the use of FM and FO in aquafeed. By 2030, it is expected that the global human consumption of fish will increase by 1.3%, while aquaculture production will provide 57% of the total human consumption compared to 53 % in 2020.On the other hand, it is believed that the growth of wild fish capture will only increase by 3.6% by 2030, added to some fluctuations caused by climate change, such as in the El Niño years (2022–2027) [6,7]. Thus, the availability of both commodities is predicted to slow down compared to the growth in the aquafeed sector, and by 2030, the price of FM is expected to double and for FO, it is expected to increase by over 70% with more competition with omega-3 production for the supplement market [6,7].



Moreover, the supply of FM and FO is not unlimited; at current rates of use, FM and FO are expected to be exhausted by 2040 [8,9]. The reliance of aquaculture on these two commodities raises long-term sustainability issues, including, but not limited to, a reduction in wild fish and a decline in marine ecosystem balance [10]. Finally, industrialisation- and urbanisation-related marine pollution contaminates fish products and affects the safety of FM and FO as feed for farmed fish [10]. Thus, reformulating aquafeed using more sustainable ingredients that can partly or fully replace FM and FO but still maintain fish growth and high nutritional value for human consumption is a prominent challenge and of prime interest to the fish farming industry. In order to achieve this, many plant-based protein sources have been investigated, and some are already included in many fish diets such as pea, soy, and wheat protein. However, higher inclusion of plant-based protein in fish’s diet is generally limited due to poor digestibility and poor nutritional value [11]. This can be due to the high content of anti-nutritional factors or deficiencies in essential amino acids. Moreover, terrestrial crop oils lack the essential n-3 fatty acids, which negatively affect the content of EPA and DHA in fish flesh [11].



Microalgae biomass including eukaryotic organisms and photosynthetic cyanobacteria have recently received greater attention for both human nutrition and animal feed, including terrestrial animals and aquafeed [12]. Several microalgae species have balanced, high nutritional value including lipids with n-3 fatty acids, proteins containing the essential amino acids, carbohydrates, pigments, vitamins, and minerals [13].



In recent years, studies have demonstrated the high nutritional profile of many microalgae species besides the rapid development in microalgae cultivation techniques and biomass processing. Most microalgal species are yet to be tested as animal feed and human supplements. Some of the challenges with microalgae inclusion in both the feed and food sector include the thick and cellulosic cell wall, such as in Chlorella, which hinder the digestibility and thus the release of intracellular nutrients when consumed by animals and humans. This is added to the high levels of inhibitory compounds and anti-nutritional factors, such as the phenolic compounds found in some red microalgae, which can make the algal biomass unusable as a feed ingredient [14,15]. Additionally, there is still a need to reduce the cost of microalgal biomass cultivation and to ensure the consistency of the nutritional quality of microalgae [16]. Thus, it is essential to investigate novel microalgae species using model animals and the processing and formulation of this microalgal-based feed [16].



Chlamydomonas reinhardtii is a green microalga with many biological applications. It has been used extensively as a reference organism in biofuel and bio-product production [17]. The potential of C. reinhardtii biomass as a highly nutrient ingredient has been investigated: C. reinhardtii has a better nutritional profile than commercial algal species such as Chlorella and Spirulina [18]. The cell wall of C. reinhardtii is composed of hydroxyproline-rich glycoprotein [17] and has demonstrated good digestibility when tested in vitro (data not shown). C. reinhardtii is also generally regarded as safe for human consumption by the U.S. Food and Drug Administration (FDA); therefore, it is safe for use as a feed ingredient for animals and for human consumption [19].



Zebrafish belong to the family Cyprinidae. They are warm-water omnivores that naturally consume aquatic insects and phytoplankton [20]. Zebrafish are a well-established vertebrate model for monitoring many biological processes and research in human and animal health as well as aquaculture [21]. They have a number of benefits for preliminary feeding trials: they are small in size, develop quickly, and cost less to feed/keep than large species. They are also easier to handle than rodents [22]. Zebrafish also display a high degree of similarity with humans in terms of their anatomy, genetics (80% of zebrafish gene sequences are similar to human genes), cell development, molecular mechanisms, and organ physiology [23,24]. Moreover, zebrafish and humans share many similarities in intestinal gene function, cell structure, and molecular mechanisms [25]. To the best of our knowledge, the use of C. reinhardtii in aquaculture feed has yet to be reported; however, C. reinhardtii has been used as an oral vaccine delivery platform in zebrafish (Danio rerio) [26].



The aim of this study is to investigate the implementation of the green microalgae (C. reinhardtii) as a sustainable aquafeed supplement and substitute in aquaculture as well as probing its ultimate potential in human nutrition. The study focuses on assessing the digestibility and bioavailability of the various intracellular nutrients of C. reinhardtii intact biomass, including proteins, lipids, and pigments, using zebrafish as an animal model. The study will include various levels of fishmeal reduction in the zebrafish’s diet while replacing it with intact C. reinhardtii biomass. This allows for the assessment of the use of C. reinhardtii as a sustainable supplement feed and/or replacement of fishmeal in aquaculture and its optimal replacement level. It also paves the way for more research into the potential impact of C. reinhardtii on human health when utilised in feed indirectly or directly as a food supplement.




2. Materials and Methods


2.1. Diet Formulation and Preparation


Four experimental diets including a control diet were prepared at the University of Liverpool in parallel with our published work [27]. The experimental diets were formulated by substituting fishmeal for C. reinhardtii biomass. The other ingredients were manipulated to achieve an isonitrogenous (46% crude protein), isocaloric (19–21 MJ/kg DM) diet; see Table 1 for the nutritional profile of each diet. The protein level in this study was guided by industry feeds at the time and research on the optimal dietary requirements of zebrafish. Many researchers have suggested a range of protein requirements for the Cyprinidea family with recommended levels of (30–53%) protein in their diet depending on protein quality [28].



Briefly, the control diet is referred to as C0 with a 0% reduction in fishmeal (38.74% DW) and 0% inclusion of C. reinhardtii. The C10 diet represents a 10% reduction in fishmeal (34.12% DW) and the inclusion of C. reinhardtii at (19.43% DW). The C20 diet is the result of a 20% reduction in fishmeal (30.98% DW) and the inclusion of (20.50% DW). Likewise, the C50 diet stands for a 50% reduction in fishmeal (19.62% DW) and the inclusion of (25.12% DW) of C. reinhardtii. The composition of C. reinhardtii biomass used in this study is presented in Table 2 as carried out previously in our laboratory [18].



Fish oil was not added to any of the four diets, and rapeseed oil was only added in the control (C0) but not the C10, C20, and C50 diets as C. reinhardtii biomass contains lipids (24.62%). Mass balance was achieved by reducing the amount of corn starch. Protein balance was also achieved by varying the amount of wheat gluten.



All of the specified ingredients in Table 1 were mixed thoroughly using a commercial Hobart benchtop food mixer and water was added until the mixture achieved a dough-like consistency. The mixture was spread out on trays and dried for 24 h at 50 °C using a nine-shelf Parallexx Excalibur food dehydrator. The dried diet was crushed and sieved through a series of sieves with apertures of 425 µm and 850 µm, with the desired particle size being collected from between the two.




2.2. Subjects and Husbandry


All of the zebrafish were bred in-house at the University of Liverpool aquarium facility. One trial was conducted to assess their growth and performance using 750 juveniles of D. rerio (AB wild-type strain). The zebrafish were approximately 2 months old at the start of the trial. They were divided into groups of 15 individuals in 50 identical 1.5 L fish tanks (5 cm × 7 cm × 15.5 cm). The tanks were connected to a central system which is maintained by a sump filtration system and 20% weekly water changes. Due to the small size of the fish, the tanks were fitted with a 400 µm fry mesh baffle. Cleaning of the fish tanks was conducted weekly, which took place during the weighing of the fish to prevent further disturbances. The water quality was subsequently kept stable by monitoring and controlling the following parameters: ammonia (NH4), 0 mg/L; nitrite (NO2), 0 mg/L; nitrate (NO3), <50 mg/L; and pH; 7.0. The fish were maintained at 28 ± 1 °C and exposed to a 12/12 h light/dark cycle via cool white (7000K) LED strip lights located above all tanks.



A second trial to visually assess the fish’s bodies and egg pigmentation was conducted using 84 juveniles of D. rerio (Casper strain), which is a transparent mutant of zebrafish. The fish were approximately 7 months old at the start of the trial. The fish were housed in groups of 6 individuals, either all males or all females, in 14 identical tanks, the same 1.5 L tanks as above using the same baffles. The tanks were maintained on the same system as above with the same water quality parameters and environmental conditions. Cleaning of the tanks was carried out while the fish were housed in the breeding tanks.




2.3. Experimental Procedures


2.3.1. Weighing the Fish


Average fish weight was measured weekly and used to assess growth and performance. To minimise disturbance, the fish were weighed while weekly tank cleaning and maintenance were carried out. Average weight was measured using a weighing tank (with the same capacity and dimensions as the housing tanks), filled with system water (covering a 1 cm depth in the tank) and placed on the balance (Fisher Scientific SG-602) and tared. All fish in the housing tank (15 fish) were caught gently in a small net and transferred to the weighing tank on the balance.




2.3.2. Growth Parameters, Calculations, and Assessment


There are several indicators and parameters widely accepted for the assessment of new diet formulations and the incorporation of novel ingredients in fish’s diet. The growth rate was measured using the weekly weight of the fish in each tank over 8 consecutive weeks, and the percentage of weight growth was plotted against time. Other growth parameters were also calculated.



The feed conversion ratio (FCR), which indicates the efficiency at which feed is converted into animal biomass, was also determined:


FCR = feed (Kg)/met aquaculture production (kg)



(1)







Total feed intake (TFI) = total feed given–waste output and net production = mass at the end of the study period–mass at the start of the study period [30].



The fishmeal ratio (FMR) indicates the quantity of fishmeal required to produce 1 kg of live fish) [31]:


FMR = FCR × (% fishmeal in feed/100)



(2)







Finally, the specific growth rate (SGR) demonstrates the growth achieved per day during the time in which the subjects are fed the test diet:


SGR (%) = 100 × (ln W2 − ln W1) × (t2 − t1) − 1



(3)




where ln = natural log; W1 = initial weight; W2 = final weight; t1 = starting time point (day one); and t2 = end time point [32].



For some of these parameters, like the growth rate and the SGR, the higher the value, the better the results. For the FCR, the lower the value the more efficient the diet. The FCR can drop below a value of 1.0 as it is a calculation that uses dry-weight feed and wet weight in animal biomass gain [30,33].




2.3.3. Feeding, Sampling, and Preparation for Chemical Analysis


Five replicate tanks were given the same experimental diet, with 75 fish in total per diet. The fish were fed at a rate of 4% of the mean body weight of the fish in each tank daily. At the end of the trial period, the fish were euthanised via a Home-Office-approved schedule 1 method: concussion followed by pithing and destruction of the brain to confirm death. Fish from each of the five tanks fed the same diet were collated together, frozen at −20 °C, transported on dry ice to the Division of Food, Nutrition & Dietetics, University of Nottingham, and stored at −80 °C. The fish were then freeze-dried for one week (Edwards Freeze Dryer, Super Modulyo). During the freeze-drying process, the samples were protected from light exposure. The samples were then ground to a homogeneous powder using a mortar and pestle under dim light and with liquid nitrogen. The dried and homogenised samples were then stored at −20 °C for further analysis.




2.3.4. Zebrafish Spawning and Egg Collection


The zebrafish were divided into a male group and a female group. Five tanks in each group were fed on each experimental diet and the control. Feed was given daily as required until satiation. After three weeks of feeding, the fish were bred by mixing males and females together overnight in 3-L (11.5 cm × 25 cm × 15 cm) breeding tanks. With a 2 mm aperture mesh, used to create a false raised base with a gradient in the tank, the eggs fall through the mesh, preventing cannibalism by the adults. The next morning, as soon as the lights came on, the flow to the tank was switched off and the net was raised slightly to stimulate breeding. After a two-hour period, the fish were removed and returned to all-male and all-female tanks. The eggs were collected by hand, transferred to glass sample jars, then snap-frozen with liquid nitrogen, and then stored at −80 °C until further analysis. Spawning was repeated every three days until a sufficient number of eggs had been collected for the required sample size. The fish were then euthanised using a Home-Office-approved schedule 1 method as previously described. These were also stored at −80 °C until further analysis.





2.4. Ethical Issues


The work carried out here was carried out under the Establishment Licence for the University of Liverpool (X70548BEB), therefore meeting all of the standards required under the Animals (Scientific Procedures) Act 1986. The work was thoroughly reviewed, ethical approval was granted (ref. number AWC0082) via the university’s AWERB (Animal Welfare and Ethical Review Body), and the work was deemed below the threshold for regulation. Throughout the trial, fish welfare was independently monitored by an animal and care welfare officer (NACWO) and was not compromised during this study.




2.5. Total Lipid Extraction


The total lipids of the freeze-dried zebrafish samples fed on (C0, C10, C20, and C50) were extracted using a modified Folch method [32]. Dried fish samples (0.5 g of zebrafish and 0.1 g of eggs) were mixed with a solvent mixture of chloroform: methanol (2:1) (6 mL for zebrafish and 1.2 mL to the eggs) and vortexed for 1 min. To this, 0.9% NaCl (2.5 mL for fish and 0.5 mL for the eggs) was added to the mixture and vortexed for 1 min. The mixture was then centrifuged using a Thermo Jouan CR3i multifunction centrifuge (Thermo Electron Industries SAS, Chateau-Gontier, France) (1300 RCF for 10 min at 4 °C). The lower chloroform layer containing the lipids was collected using a glass Pasteur pipette. The pellets were extracted two more times by repeating the same procedure. The three extracts of each sample were combined and filtered through a 0.45 µm syringe filter into pre-weighed bijoux bottles. The extracts were gently dried under nitrogen gas, then weighed, quantified gravimetrically, and stored at −80 °C until further analysis.




2.6. Fatty Acids (FA) Analysis


The FA composition of the samples was determined using a TRACE GC ultra gas chromatography-mass spectrometer (GC-MS) equipped with a CTS Analytics PAL system autosampler (Thermo Fisher, Loughborough, UK). Initially, the total amount of dried lipid extract produced (see Section 2.5) was dissolved in 2 mL of chloroform and vortexed for 1 min and then divided into two aliquots, 1 mL each. Methyl pentadecanoate (100 µL) was added to the 1 mL aliquots as an internal standard, and 200 µL of Trimethylsulfonium hydroxide was used for methylation and held for 10 min to ensure complete conversion of the fatty acids into fatty acid methyl esters (FAMEs). A 10 μL sample of each sample was then injected into the capillary column (Zebron, ZB-FFAP, 30 m × 0.22 mm internal diameter) (Phenomenex Inc., Macclesfield, UK) using a vaporising injector (split flow of 50 mL/min. The oven temperature was maintained at 120 °C for 1 min and then increased to 250 °C (5 °C/min) for 2 min. The retention time of each peak for the individual fatty acids was compared with the FAME standard. A standard library was also used through the “Thermo Scientific Xcalibur Version 1.4” software (Thermo Fisher Scientific Inc., Loughborough, UK). The percentage content of each FA was calculated, and the concentrations (mg/mL) were determined using the response factor of the internal standard.




2.7. Retinol Analysis


The analysis and detection of all-trans-retinol in the whole zebrafish body of the test trials and the control were based on the method developed by Li et al. (2005) with slight modifications [34]. Briefly, nitrogen-dried lipids obtained from Section 2.5 were re-dissolved with 1 mL acetone and vortexed. The extracts were then vigorously mixed with an equivalent volume of methyl-tetra-butyl ether (MtBE) and 0.5 mL distilled water. The aqueous phase was extracted three more times using the MtBE. The combined MtBE phases were evaporated to dryness under a gentle stream of nitrogen, suspended with 0.5 mL MtBE vortexed and passed to the PTFE membrane filter (0.45 µm), sealed under nitrogen in brown glass vials, and stored in the dark at −80 °C until further analysis.



The analysis was carried out using an Agilent 1100 HPLC equipped with a Diode array with a UV-visible detector (Agilent Technologies, Waldbronn, Germany). A Gemini-NX C18 column (250 mm length, 4.6 mm, 5 µm particle size) and a Phenomenex C18 guard column (4 μm, 3.9 × 20 mm) were used for separation (Phenomenex Inc., Macclesfield, UK). UV-vis absorption spectra were recorded at 325 nm for retinol. The mobile phases consisted of two components: (A) methanol and (B) MtBE. The solvent pump was programmed to inject 90% A from 0–12 min, followed by linear gradients of 90–60% A from 12–13 min, maintained until 22 min followed by a linear gradient back to the 90% A initial conditions until the end of the run at 30 min. The flow rate was 0.8 mL/min.




2.8. Analysis of Carotenoids in Zebrafish and Eggs


The β-carotene and lutein content of the zebrafish and eggs samples was determined with HPLC (Agilent 1100) with photo diode array (PDA) detection using a method slightly modified from Kimura and Rodriguez-Amaya (2002) [35]. The dried lipid extract (see Section 2.5) was dissolved in 10 mL of the acetone solution (containing 0.1% BHT) and syringe filtered (0.45 μm) into an amber HPLC vial.



The flow rate of the mobile phase (acetonitrile: methanol: ethyl acetate) was set at 0.5 mL/min. Two gradient mobile phases were used from 95:5:0 to 60:20:20 in 20 min, with this proportion being maintained until the end of the run. Re-equilibration took 15 min. The samples were injected at a volume of 10 μL through a Sentry guard column (Waters, Nova-Pak C18, 4 μm, 3.9 × 20 mm) and separated using a Waters Spherisorb S3ODS (3 μm, 4.6 × 15 cm) column (Waters limited, Wilmslow, UK), with the temperature set at 22 °C; β-carotene was detected at 454 nm. The concentration of β-carotene and that of lutein were determined using a linear equation created using a calibration curve produced from a range of external (β-carotene) standards (10–100 μg/ mL) dissolved in cold acetone containing 0.1% BHT.




2.9. Statistical Analysis


Five biological experiments were carried out for the zebrafish growth trials. The chemical characterisation of the zebrafish experiments was performed in triplicate. The statistical analysis was performed by the Minitab V. 17 statistical package (Minitab, LLC., State College, PA, USA) using post hoc analysis of variance (ANOVA) and according to Tukey’s test with the statistical significance at p ≤ 0.05.





3. Results and Discussion


3.1. Growth and Palatability Criteria


A set of fish performance parameters (Figure 1) were measured on the zebrafish fed the experimental diets (C10, C20, and C50) and the control (C0). For C10 and C20, the fish growth rates (Figure 1A) were similar and both diets supported a significantly (p ≤ 0.05) better growth rate than both C50 and the control, starting from week 2 to week 8. Although C50 yielded a final higher growth rate than the control, this started only after week 5. Similarly, the specific growth rate (SGR) showed that C10 and C20 gave significantly (p ≤ 0.05) higher values than C50 and the control (Figure 1B). The feed conversion ratio (FCR) revealed that C20 resulted in significantly (p ≤ 0.05) improved feed conversion (values closer to 1) compared to the control and an insignificant improvement (p ≤ 0.05) compared to C10 and C50. Only C20 gave a significantly better FCR than the control (Figure 1C). Improved fish utilisation of feed can reduce feed waste, resulting in cost reductions in aquaculture.



As shown in Table 1, the amount of wheat gluten was higher in C20 (24.29%) compared to C10 (21.64) and the control (22.91). However, the improved SGR and percentage growth from initial weight cannot be attributed to the increased amount of wheat gluten in C20 because this growth improvement compared to the control was also clearly seen in the C10 diet where wheat gluten was less than the control. Moreover, the wheat gluten amount in C50 is the highest, and yet the growth was less than C10 and C20.



Based on the results in this section, zebrafish can efficiently be fed on a diet with up to a 50% reduction in fishmeal, replaced with C. reinhardtii; however, the reduction levels of 10% and 20% showed the best performance in terms of fish growth. This indicates that C. reinhardtii can be utilised as protein source by zebrafish. Using recombinant proteins as biomarker, Kwon et al. (2019) demonstrated that C. reinhardtii can be digested by zebrafish. The recombinant proteins in the C. reinhardtii chloroplast were dyed with a green fluorescent proteins (GFPs) and fed to the zebrafish. The GFPs were then observed in the intestinal tissues and the blood of zebrafish using a confocal microscope proving that proteins in C.reinhardtii chloroplast can be digested and absorbed by zebrafish [26]



This comes in agreement with the findings of this study; however, this digestibility has a threshold which explains why the zebrafish performed better at the 10% and 20% reduction levels compared to the 50% one.



The threshold of these adverse effects, however, differs greatly depending on many factors including the fish type, algae species, and feed pellet processing conditions. Previous studies about algae inclusion in fish diets have revealed that fish respond differently depending on their species [36,37]. On one hand, the 5% inclusion of Ulva spp. (green algae) in carnivorous fish (European sea bass and rainbow trout) resulted in no effect on growth performance [38]. On the other hand, a higher inclusion level (5–10%) of algae into herbivore and omnivore species (Nile tilapia and common carp) resulted in a significant improvement in growth, nutrient utilisation, and feed efficiency [39,40]. This might be attributed to the higher amylase activity in herbivore and omnivore species which allows for better digestibility of algae cell walls and carbohydrates [41].



Although fish growth performance is a very important indicator of diet viability, it must not compromise the nutritional benefits of the fish for human nutrition, notably as a great source of LC-PUFA [42]. Thus, further analysis was conducted to assess more nutritional parameters of the zebrafish fed different diet formulations.




3.2. The Effect of C. reinhardtii as Fishmeal Replacement on the Protein Content of the Zebrafish


The protein content of the zebrafish samples fed the experimental diets (C10, C20, and C50) compared to the control was calculated by converting the total nitrogen content in the zebrafish carcass into crude protein, using 6.25 as a conversion factor, (Figure 2). The data revealed that the inclusion of C. reinhardtii at levels of C10 and C20 significantly increased the protein content in the zebrafish compared with the control. Fish fed the C50 diet had less protein than both C10 and C20 but still had significantly higher protein than the control. The results indicate the positive impact of C. reinhardtii’s inclusion in the fish’s diets, especially at low and medium fishmeal reduction levels (10% and 20%), on their protein content.



Although the diets (C0, C10, C20, and C50) were formulated to deliver the same proportion of protein (around 46% DW), C. reinhardtii protein may deliver a more balanced amino acid profile than fishmeal. The replacement of fishmeal protein with C. reinhardtii resulted in significantly (p ≤ 0.05) improved protein content and the growth of fish’s body at C10 and C20 compared to the control. The C. reinhardtii protein assessed in our laboratories showed that it was a high-quality protein containing all of the essential amino acids with a high score, which meets the FAO’s requirements for preschool children [19]. The lower protein content of the carcasses of the zebrafish fed C50 compared to C10 and C20 may be due to the lower digestibility of C. reinhardtii protein by zebrafish at high inclusion levels. It has been reported that fish, generally, cannot digest more than 45–56% protein from algae [10] because of the presence of complex polysaccharides in microalgae, which have an adverse effect on protein hydrolysis [10].




3.3. The Effect of C. reinhardtii as Fishmeal Replacement on the Fatty Acid Profile of the Zebrafish


The fatty acid composition of the zebrafish fed the control and experimental diets is depicted in Table 3. Generally, there were differences in the proportions of most of the fatty acids in the different fish diets as the fatty acid metabolism of fish strongly correlates with the fatty acid quality and quantity of their diet [38,43]. The detailed fatty acid composition of C. reinhardtii used in this study was reported by Darwish et al. (2020) [19]. The fatty acids which were not present in C. reinhardtii, such as C14:0, or found in small amounts compared to the control diet, such as C18:2n (n-6) and C18:1) (n-9), are lower in the fish fed C. reinhardtii compared to the ones fed the control (Table 3). In contrast, some fatty acids, such as C16:4 (n-3), were not present in the fish fed the control but were found in the fish fed diets containing C. reinhardtii. The presence of these fatty acids indicates that zebrafish can efficiently absorb and assimilate fatty acids from C. reinhardtii at different inclusion levels in their diet. The content of α-linolenic acid C18:3 (n-3) was also higher in the fish fed diets containing C. reinhardtii. The amount was significantly higher in the fish fed on C50 than C10 and C20. Both C18:3 and C16:4 are the most abundant fatty acids (67%) of the monogalactosyldiacylglycerol (MGDG) lipids, which are found in the thylakoid membranes of C. reinhardtii chloroplast [44]. This demonstrates that the thylakoid membranes of C. reinhardtii have been efficiently digested and that zebrafish have the ability to digest MGDG and other galactolipids.



The C16:4 acyl group found in C. reinhardtii lipids is also present in the membranes of other terrestrial plants and microalgae but only in trace amounts [45]. C16:4 n-3 can, therefore, be used as an indicative marker of feed uptake into the zebrafish’s bodies (or any other animal model) for diets containing C. reinhardtii.



Similarly, DHA was significantly higher in the zebrafish fed on C10 compared with the control. Overall, the highest levels of total n-3 fatty acids were seen in the fish fed the C50 C. reinhardtii diet. Accordingly, C. reinhardtii contains the essential fatty acids required for LCPUFA biosynthesis by zebrafish, and these fatty acids are bioavailable.




3.4. The Effect of C. reinhardtii as Fishmeal Replacement on the Carotenoid Content in the Zebrafish


The Lutein content of the zebrafish fed the C. reinhardtii-containing diet (C10, C20, and C50) was significantly (p ≤ 0.05) higher than the control (<0.1 mg/kg DW). Zebrafish fed on the C20-containing diet displayed the lutein content of 4.5 mg/kg DW, which is higher, although not significantly, than the zebrafish fed on the C10 and C50 diets (Table 4). Although both β-carotene and lutein are the main carotenoids in C. reinhardtii biomass fed to zebrafish in this study (Table 2), only lutein was detected in the body and eggs of zebrafish fed with experimental diets while β-carotene was not detected.



Carotenoids are absorbed in the enterocyte brush border inside a fish’s body, transported across the body as low-density lipoprotein cholesterol, and accumulate in a fish’s integuments, gonads, and skin (especially in small fish). Fish differ greatly in their ability to ingest and transform different carotenoids [46]. The Salmonidae family can accumulate astaxanthin in their muscles, giving them a favourable pink colour [47]. Generally, marine and freshwater fish can be divided into three groups in terms of their ability to assimilate and store astaxanthin [48]. The first group can convert zeaxanthin or lutein to astaxanthin, and they can absorb and accumulate astaxanthin from their diet. The second group can convert β-carotene and zeaxanthin to astaxanthin, while the third group cannot convert β-carotene, lutein, or zeaxanthin to astaxanthin so must obtain it directly from their diet and store it in their body as pigment esters [48]. In this study, astaxanthin was not detected either in the zebrafish’s bodies or in their eggs. We assume that zebrafish belong to this third group that cannot convert β-carotene or lutein to astaxanthin; instead, lutein accumulated in both.



Besides their role as colourant agents, carotenoids possess several favorable biological effects in many aquatic species. They can improve growth performance by enhancing fish immunity, fertilisation, and egg survival as well as protecting fish from UV light due to their antioxidant activity [49]. Currently, the use of carotenoids including synthetic astaxanthin in aquafeed represents 6–8% of the total production cost, and they are mostly obtained from synthetic sources with an estimated price of USD 300–USD 3000 per kg [50].



Therefore, the production of carotenoids from natural sources, such as microalgae, and the increase in lutein and β-carotene use in aquafeed are potential alternatives to replace the current practice of using synthetic astaxanthin [46]. Regarding the microalgae carotenoids in the fish-feeding sector, many studies have targeted the use of Haematococcus microalgae species as a rich source of natural astaxanthin and found a positive impact, with it enhancing flesh colour. However, studies suggested that Haematococcus consists of high levels of esterified astaxanthin with poor digestibility, due to its cell wall, which might affect fish growth [49,51]. Within this scenario, C. reinhardtii could act as an important alternative source of natural carotenoids, namely lutein and β-carotene.




3.5. The Effect of C. reinhardtii as Fishmeal Replacement on the Carotenoid Content in the Fish Eggs


The eggs from the zebrafish fed on the diets containing a range of C. reinhardtii concentrations all looked yellow compared with the control diet where the eggs were colourless. The pigment was extracted and analysed and identified as lutein (see Table 4 for the concentration values).



The zebrafish fed on the C20 diet produced eggs with the highest lutein content (45.4 µg/g DW) followed by the eggs from the zebrafish fed on the C10 diet (43.3 µg/g DW), and both were significantly higher than the lutein content in the eggs from the zebrafish fed on the C50 diet (29 µg/g DW) and the control (23 µg/g DW). This observation led us to extend the study to assess the effect of feeding the zebrafish on a diet that included C. reinhardtii on their flesh colour using a transparent mutant of zebrafish (Casper strain).



Carotenoids generally accumulate in the external parts of small fish, particularly in structures called chromophores in the skin, giving them a different colour [52]. The AB wild-type zebrafish pigmentation is produced by three chromophore cells: black melanophores, reflective iridophores, and yellow or orange xanthophores [53]. Casper strain zebrafish only have yellow xanthophores which gives them a transparent appearance and enables the eggs to be seen within the females [54].



Digital images of males and females, as well as their eggs, are presented in Figure 3. The eggs produced by the zebrafish fed on the (C10, C20, and C50) diets had an intense yellow-to-orange colour in contrast with the fish fed on the control diet which had white eggs. Although all fish, male and female, fed on the C. reinhardtii-containing diet displayed an intense yellow colour, the males exhibited a denser colour compared to the females with the yellow colour extended to the males’ tails.



These images show that some pigments were absorbed from the C. reinhardtii biomass, assimilated, and stored in the zebrafish’s bodies for the male and eggs for the females. Bjerkeng (2008) established that the amount of carotenoids, represented by the visual quality that ultimately reaches the target tissues, is a convenient indicator of carotenoids’ bioavailability in the diet [55]. Although adult male and female zebrafish do not have different colour patterns (they are not sexually dimorphic), upon maturity, male zebrafish take on a brighter, more orange colouration compared with females [56]. The colour of xanthophores in both males and females (although more intense in the males) could be attributed to the lutein content [56], which is the case in this study as well.




3.6. The Effect of C. reinhardtii as Fishmeal Replacement on the Retinol Content in the Zebrafish


All trans-retinol (as a form of vitamin A) was measured in the whole body of the zebrafish (but not in the eggs because of the limited sample available) fed on the experimental diets and the control (Table 4). There was significant (p ≤ 0.05) enrichment of trans-retinol in the zebrafish fed on diets including C. reinhardtii, with the highest value of (3.36 µg/g DW) for the C20 diet. This suggests that the provitamin A carotenoids from the C. reinhardtii were converted into retinol in vivo by the zebrafish. Furthermore, β-carotene was not detected in the zebrafish’s bodies nor in their eggs; only lutein was found, demonstrating the conversion of β-carotene (from C. reinhardtii biomass) into retinol.



In mammals, the absorption of β-carotene starts with incorporation into mixed micelles in the intestinal lumen. These then travel into the enterocyte of the small intestine and are absorbed by a passive, non-saturable mechanism. Carotenoids are then packaged in chylomicrons and move, via the lymph, to the liver [57]. It has been agreed that the extent of β-carotene absorption by intestinal enterocytes is species dependent; humans, for example, absorb significant amounts of intact β-carotene compared to rodents [58]. Green et al. (2016) stated that fish generally cannot absorb intact β-carotene into their bloodstream, while xanthophylls are absorbed preferentially, like lutein in this study [58]. Similarly, our findings indicate that zebrafish cannot absorb intact β- carotene. Instead, oxidative cleavage of β-carotene to vitamin A occurs mainly at the brush border membrane of the zebrafish’s intestine, and presumably, the key enzyme that cleaves the chain is a β-carotene-15,15’ oxygenase (BCO) [59]. The gene which encodes the BCO enzyme is found naturally in zebrafish [60]. Furthermore, a study by Lampert et al. (2003) demonstrated that knocking out this gene during embryonic development resulted in vitamin A deficiency symptoms, such as malformation of the eyes, pectoral fin, and craniofacial skeleton [61].





4. Conclusions


Reducing fishmeal by 10%, 20%, and 50% and replacing it with C. reinhardtii (C10, C20, and C50, diets respectively) has achieved promising results. The C20 diet (closely followed by the C10 diet in most of the studied parameters) resulted in the best growth performance, feed conversion ratio, and protein content in the zebrafish’s bodies. This suggests that C. reinhardtii protein contains the essential amino acids that can be efficiently utilised by zebrafish to achieve better growth and better protein content. The fatty acid profile of the zebrafish fed on the C. reinhardtii-containing diet, for the three diets, showed a significant improvement in terms of total n-3 fatty acid content, especially C18:3-n- 3 (ALA) compared to the control. Carotenoid accumulation in the zebrafish was reflected by colour changes in their bodies and eggs, whereby the zebrafish fed C. reinhardtii exhibited a brighter yellow-to-orange colour. This was due to lutein accumulation in the whole body and eggs. β-carotene is another C. reinhardtii intracellular component that proved to be readily bioavailable to zebrafish to convert it to vitamin A by means of enzymatic cleavage believed to be in the zebrafish’s intestines. The findings presented in this study show that many nutrients (proteins, carotenoids, and fatty acids) were released from the C. reinhardtii cells and were, at least in part, absorbed and assimilated by the fish. Currently, as the costs of microalgae production remain higher than that of fishmeal and fish oil, C. reinhardtii can be used as a supplement in omnivores fishby up to 10%. However, as ongoing research and development in microalgae cultivation continue, it is anticipated that economically and sustainably viable microalgae production will become commercially accessible. Consequently, C. reinhardtii could potentially substitute up to 50% of the fishmeal in zebrafish’s diets, with extra, individual addition of some essential amino acids such as lysine and arginine.



As zebrafish are a well-known biological model for other omnivorous fish species, vertebrates, and humans, these results constitute a solid base to propose C. reinhardtii for human supplementation studies, assuming that it is digestible and that its beneficial intracellular components will be released in the gastrointestinal tract of human.
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Figure 1. Growth and performance indicators for zebrafish (wild type) fed experimental diets. (A) Percentage growth from initial weight. (B) Specific growth rate (SGR). (C) Feed conversion ratio (FCR). Within each figure section, diets that do not share a letter are significantly different (p ≤ 0.05). 
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Figure 2. Protein content (% DW) of zebrafish (wild type) fed different diet formulations (C0, C10, C20, and C50). Diets that do not share a letter are significantly different (p ≤ 0.05). 
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Figure 3. Zebrafish (Casper strain) egg pigmentation and colour variation due to carotenoid accumulation in response to the C. reinhardtii-containing diets. These images were taken with a Samsung Galaxy S7. 
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Table 1. Experimental diet compositions showing the ingredient inclusion rates (A) and nutritional profiles of the experimental diets (B).
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Ingredient

	
Control

(C0)

	
10% Reduction in FM (C10)

	
20% Reduction in FM (C20)

	
50% Reduction in FM (C50)






	
A. Diet

	

	

	

	

	




	
Fishmeal

	
% Diet (DW)

	
38.74

	
34.12

	
30.98

	
19.62




	
Rapeseed oil

	
4.37

	
-

	
-

	
-




	
Vitamin premix

	
0.31

	
0.32

	
0.32

	
0.33




	
Mineral premix

	
0.42

	
0.43

	
0.43

	
0.44




	
Wheat gluten

	
22.91

	
21.64

	
24.29

	
32.98




	
Corn starch

	
31.82

	
22.62

	
21.89

	
19.41




	
Binder (CMC powder)

	
0.52

	
0.53

	
0.53

	
0.54




	
C. reinhardtii

	
-

	
19.43

	
20.50

	
25.12




	
Arginine

	
-

	
-

	
0.05

	
0.24




	
Leucine

	
-

	
-

	
-

	
-




	
Lysine

	
0.90

	
0.90

	
0.99

	
1.31




	
B. Nutrient

	

	

	

	

	




	
Crude protein

	
% DW

	
46.56

	
46.10

	
46.32

	
46.53




	
Crude lipid

	
11.30

	
11.73

	
11.81

	
12.25




	
Carbohydrate

	
35.06

	
33.90

	
33.69

	
33.33




	
Crude ash

	
7.94

	
7.74

	
7.19

	
5.22




	
Crude fibre

	
0.13

	
0.01

	
0.01

	
0.01




	
Oleic acid

	
mg/g DW

	
30

	
29

	
28

	
25




	
LA

	
20.20

	
18.23

	
16.23

	
10.24




	
ALA

	
12.63

	
17.15

	
16.21

	
13.8




	
EPA

	
3.29

	
2.95

	
2.55

	
1.68




	
DHA

	
9.60

	
8.62

	
7.68

	
4.80




	
Lutein

	
µg/g DW Diet

	
0

	
143

	
286

	
715




	
β-carotene

	
0

	
1720

	
3440

	
8600




	
Gross energy

	
MJ/kg DW

	
21.28

	
19.46

	
19.39

	
19.08








%DW: percentage of dry weight; CMC: carboxymethyl cellulose; LA: linoleic acid; ALA: alpha-linolenic acid. The amino acid profiles were estimated for each diet during formulation, and the control diet was supplemented with crystalline amino acid lysine to boost the levels close to those required by zebrafish [29]. Further supplementation of each experimental diet took place using arginine, leucine, and lysine where required to achieve amino acid profiles which remained consistent with the control diet. The lutein and β-carotene levels in the diets were predicted from the added C. reinhardtii biomass only.
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Table 2. Composition of C. reinhardtii biomass used for zebrafish feeding as in g/100 g DW [18].






Table 2. Composition of C. reinhardtii biomass used for zebrafish feeding as in g/100 g DW [18].





	

	
Protein

	
Lipid

	
Carb

	
Ash

	
β-Carotene

	
Lutein

	
Astaxanthin






	
C.reinhardtii

	
48.22 ± 0.57

	
24.65 ± 2.75

	
21.23 ± 0.03

	
4.77 ± 0.16

	
1.72 ± 0.15

	
0.14 ± 0.01

	
ND




	




	
Fatty Acid

	
C16:0

	
C16:1

	
C16:4

n-3

	
C18:0

	
C18:1

	
C18:1

	
C18:2

n-6

	
C18:3

n-6

	
C18:3 n-3

	
C18:4 n-3




	
g/100 g DW

	
1.67 ± 0.08

	
0.19 ± 0.01

	
0.39 ± 0.01

	
0.16 ± 0.02

	
1.03 ± 0.11

	
0.27 ± 0.02

	
0.29 ± 0.02

	
0.29 ± 0.02

	
2.98 ± 0.19

	
0.06 ± 0.01








Carb: carbohydrates. Some data in this table are adapted from [16]. C16:0, palmitic acid; C16:1, palmitoleic acid; C16:4 n-4, hexadecatrienoic acid; C18:0, stearic acid; C18:1n-9c, oleic acid; C18:2 n-6c, linoleic acid (LA); C18:3n-3, α-linolenic acid (ALA). ND: not detected.
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Table 3. Fatty acid (FA) profile of zebrafish (wild type) fed C0, C10, C20, and C50 diets.






Table 3. Fatty acid (FA) profile of zebrafish (wild type) fed C0, C10, C20, and C50 diets.





	FA (mg/g DW)
	Control
	C10
	C20
	C50





	C14
	2.00 ± 0.19 A
	1.49 ± 0.05 B
	1.41 ± 0.03 B
	1.38 ± 0.01 B



	C16
	20.85 ± 0.48 B
	20.03 ± 0.36 B
	20.31 ± 0.39 B
	25.38 ± 0.17 A



	C16:1
	2.84 ± 0.06 A
	2.44 ± 0.14 B
	2.43 ± 0.06 A
	2.78 ± 0.01 A



	C16:3-n-3
	0.69 ± 0.30 A
	0.42 ± 0.02 A
	0.45 ± 0.02 A
	0.63 ± 0.01 A



	C16:4-n-3 (HTA)
	0.01 ± 0.00 B
	1.51 ± 0.08 A
	1.56 ± 0.02 A
	1.56 ± 0.01 A



	C18:0
	5.37 ± 0.10 B
	5.75 ± 0.19 B
	6.16 ± 0.45 B
	8.18 ± 0.01 B



	C18:1-n-9
	33.34 ± 0.69 A
	18.99 ± 0.17 C
	19.60 ± 0.50 C
	25.86 ± 0.35 B



	C18:2-n-6t
	14.98 ± 0.34 A
	9.91 ± 0.29 C
	10.27 ± 0.26 C
	13.58 ± 0.14 B



	C18:3-n-3 (ALA)
	2.98 ± 0.07 C
	4.37 ± 0.07 B
	4.39 ± 0.10 B
	5.46 ± 0.10 A



	C20:4-n-6
	0.58 ± 0.07 A
	0.64 ± 0.03 A
	0.63 ± 0.04 A
	0.65 ± 0.00 A



	C20:5-n-3 (EPA)
	1.80 ± 0.33 A
	1.51 ± 0.10 A
	1.39 ± 0.07 A
	1.22 ± 0.02 A



	C22:6-n-3 (DHA)
	5.84 ± 0.13 BC
	6.25 ± 0.06 A
	6.09 ± 0.09 AB
	5.50 ± 0.00 C



	SFA
	28.22
	27.27
	27.88
	34.94



	MUFA
	36.18
	21.44
	22.03
	28.64



	PUFA
	26.90
	24.60
	24.77
	28.60



	n-6 FA
	6.43
	6.88
	6.72
	6.16



	n-3 FA
	11.33
	14.06
	13.87
	14.37



	n-6: n-3
	0.57
	0.49
	0.48
	0.43







Means of the diets that share uppercase letters are not significantly different at (p ≤ 0.05) for each fatty acid (within each row).
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Table 4. Lutein and retinol concentrations in the whole body of zebrafish (wild type) and their eggs (mg/kg DW).






Table 4. Lutein and retinol concentrations in the whole body of zebrafish (wild type) and their eggs (mg/kg DW).





	Diet
	Lutein (Whole Fish)
	Lutein (Eggs)
	Retinol (Whole Fish)





	Control
	0.06 ± 0.03 C
	23.43 ± 2.3 D
	0.35 ± 0.03 D



	C10
	3.81 ± 0.47 A
	43.89 ± 0.70 B
	1.86 ± 0.22 C



	C20
	4.57 ± 0.05 AB
	52.87 ± 0.93 A
	3.52 ± 0.16 A



	C50
	3.55 ± 0.43 B
	39.75 ± 1.06 C
	2.99 ± 0.37 D







Means that do not share a letter within each column are significantly different.
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