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Microalgal Diet Influences the Nutritive Quality and Reproductive Investment of the Cyclopoid Copepod Paracyclopina nana
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Copepods represent an interesting alternative or a complement live food to brine shrimps and rotifers commonly used in aquaculture. They constitute the natural prey of many fish species and therefore do not require a potential nutritional enrichment. But an optimization of the microalgal diets used to feed copepods is essential to improve their mass culture. This study examined the effects of seven microalgal diets, namely single-species diets of Rhodomonas salina (R), Tisochrysis lutea (T), and Pavlova lutheri (=Diacronema lutheri) (P), two-species diets (R + T, T + P, and R + P), and a three-species diet (R + T + P), on the fatty acid and monosaccharide composition of the cyclopoid copepod Paracyclopina nana as well as its reproductive investment. Experiments were run during 15 days in 10-L beakers; starting with nauplii collected from a large 300-L batch culture. Copepods fatty acid contents were studied, particularly the relative amounts of docosahexaenoic acid (DHA) and eicosa-pentaenoic acid (EPA). The R + T, R, and T diets induced the highest total fatty acid amount in copepods. R + T and R also generated the lowest DHA/EPA ratios in copepods due to high EPA contents. The highest value of total monosaccharides was found in copepods fed with R + T + P. Diets R + T and R induced the greatest prosome volumes and clutch volumes in ovigerous females. Both prosome volume and clutch volume in P. nana ovigerous females were correlated to the individual EPA amount. The results demonstrated that all diets including R. salina enhanced the productivity of P. nana in mass culture, particularly when combined with T. lutea. R. salina, and T. lutea induced complementary fatty acid and monosaccharide profiles, confirming that R + T represents the best microalgae combination for productive culture of P. nana. Conversely, P. lutheri did not enhance the nutritional profile nor the fecundity of P. nana in the culture. This study is the first to demonstrate that R. salina is a suitable microalga for productive mass culture of P. nana for use as live food in aquaculture.
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INTRODUCTION

Copepods are the primary component of zooplankton and have a key role as the trophic link between phytoplankton and secondary consumers in marine ecosystems (Breteler et al., 1990; Mauchline, 1998; Støttrup, 2000). They serve as an important food source for numerous fish and crustacean larvae (Sun and Fleeger, 1995; Turner, 2004). Commercial fish species are bred in aquaculture on diets comprising brine shrimps and rotifers, as these organisms are easy to grow in large volumes at relatively low cost (Støttrup and McEvoy, 2008; Dhont et al., 2013). However, brine shrimp and rotifers are not the natural prey species of many of the fish species grown in aquaculture, and do not always induce optimal fish larval growth because of their inadequate size or fatty acid content, therefore nutritional enrichment is sometimes required (Fernández-Reiriz et al., 1993; Thinh et al., 1999; Sorgeloos et al., 2001; Lubzens et al., 2003). Mass culture of several marine copepod species for use as live feed for marine fish cultures has been explored by several research groups (Ohno et al., 1990; Støttrup and Norsker, 1997; Payne and Rippingale, 2000; Van der Meeren et al., 2014; Blanda et al., 2017). Copepods have been found to have superior nutritional value to that of commonly used live prey such as brine shrimp and rotifers, and to enhance the growth and development of many fish species of commercial or ornamental interest such as the Atlantic halibut, the Pink snapper or the Yellowtail clownfish (McEvoy et al., 1998; Shields et al., 1999; Payne and Rippingale, 2000; Payne et al., 2001; Olivotto et al., 2008). More recent studies confirmed that the use of small nauplii of copepods such as the calanoid Parvocalanus crassirostris in breeding of new ornamental fishes with very small mouth is required (Anzeer et al., 2019; Burgess et al., 2020).

Copepods have a high content of highly unsaturated fatty acids (HUFAs) such as docosahexaenoic acid (DHA) and eicosa-pentaenoic acid (EPA), which are particularly important nutrients for the development of fish larvae (Sargent et al., 1997; McEvoy et al., 1998; Pan et al., 2014; Mejri et al., 2021) thus, copepod species with a high lipid concentration and high fecundity are desirable from an aquaculture perspective. Copepod productivity can be measured by female fecundity and fatty acid content (Souissi et al., 2016; Lee et al., 2017), which is related to the amount of carbon that the copepods ingest. Monosaccharides, are the only type of carbohydrates that are rarely stored by crustaceans, but carbohydrates are also no less important than lipids because they are rapidly metabolized after ingestion for many vital functions and thus are key contributors to biological performance (Cuzon et al., 2000; Hohnke and Scheer, 2012). It is therefore essential to supply copepod mass cultures with optimal microalgal diets to induce maximal fecundity, larval development, and nutritional storage (Pan et al., 2014). Optimization of diets for copepod cultures has been investigated previously, but many questions remain to be explored. The appropriate microalgal diet has been investigated for copepods in the orders Harpacticoida (Pinto et al., 2001; Arndt and Sommer, 2014), Calanoida (Milione et al., 2007; Camus et al., 2009; Ohs et al., 2010; Jeyaraj and Santhanam, 2012; Pan et al., 2014; Siqwepu et al., 2017), and Cyclopoida (Lee et al., 2006; Rasdi and Qin, 2016; Pan et al., 2018). Results have shown that mixed algal diets are more effective than monoalgal diets. However, these previous studies did not use the same species combinations of microalga and cannot be generalized to all copepod species. Several studies have noted the beneficial effects of red microalgae from the genus Rhodomonas on female fecundity (Ohs et al., 2010; Siqwepu et al., 2017). The biochemical composition of Rhodomonas sp. is well characterized, especially the fatty acid profiles of species in this genus (Latsos et al., 2020). Renaud et al. (1999) found that lipids accounted for 18.7% of the dry weight of Rhodomonas sp. and that most of this lipid content comprised polyunsaturated fatty acids (65.8%). However, the carbohydrate profile of Rhodomonas has not been well characterized. Another micro-algae genus widely used in aquaculture is Isochrysis. The lipid content of Isochrysis sp. can reach 23.4% of dry weight (Renaud et al., 1999). The carbohydrate content of Tisochrysis lutea, a species in the genus Isochrysis, accounts for 23% of this organism’s dry weight and has been reported to be a complex mixture of polysaccharides such as glucose, galactose, mannose, xylose, arabinose, xylose, and rhamnose in various proportions, all of which are essential for copepod metabolism (Chu et al., 1982; Gnouma et al., 2017). The marine phytoflagellate Pavlova sp. (=Diacronema sp.) is also of great interest as it is known to be able to synthesize DHA and EPA in large amounts (Rehberg-Haas, 2014). Patil et al. (2007) stated that Pavlova sp. comprises around 13 mg/g of DHA and 18 mg/g of EPA and that these values can even be enhanced by accordingly adjusting its culture conditions.

The brackish water cyclopoid copepod Paracyclopina nana Smirnov 1935 has strong potential for use in the aquaculture industry (Lee et al., 2006, 2013; Ki et al., 2009). Native to the bays and estuaries of Eastern Asia (Japan, Taiwan, South Korea), it has a small size at adult stage (600 μm on average), high tolerance of salinity (from 5 to 30 ppt), endures culture at high densities (up to 20 ind./mL), and grows under a wide range of temperatures (from 15 to 30°C) (Lee et al., 2012b, 2017). Its small first naupliar stage (<80 μm) is also important when breeding fish species that have tiny first feeding larval stages. Recent studies conducted on P. nana attempted to establish the optimal diet for its growth in aquaculture (Min et al., 2006; Lee et al., 2012a). However, these studies focused on algal monoculture, while studies carried out on other copepod species demonstrated that microalgae quality and diversity can enhance copepods productivity (Pan et al., 2014). It is therefore essential to optimize copepod culture conditions by selecting the right combination of microalgae.

The aim of this study was therefore to examine which of a variety of different microalgal diets had optimal nutritive quality and maximized reproductive investment of P. nana populations grown in mass culture.



MATERIALS AND METHODS

The section “Materials and Methods” used in this study are the same as those described in Dayras et al. (2020), as the results presented here were derived from the same set of experiments. Methods and materials are therefore summarized below and the reader is invited to refer to Dayras et al. (2020) for further details. On the contrary the volume measurement of copepod females as well as the nutritional profile of microalgae and copepods are only presented in this paper and therefore their methods were detailed.


Microalgae Species Selection

Three species of microalgae were individually grown in the laboratory using standardized methods: Rhodomonas salina (RCC20), T. lutea (RCC1349), and Pavlova lutheri (=Diacronema lutheri) (RCC1537), which were obtained from the Roscoff Culture Collection of Marine Microalgae1. R. salina and T. lutea are currently widely used in zooplankton cultures for their nutritional value and P. lutheri has a desirable fatty acid profile (DHA, EPA) (Coutteau, 1996; Brown, 2002). These three species belong to separate genera and families of microalgae. As a result, their physiology, and therefore their physico-chemical composition and nutritional quality, are assumed to be different (Brown, 2002).

To establish which species and combinations of microalgae species are the most beneficial to P. nana maintained in culture in terms of population growth and individual nutritional value, it is essential to construct microalgal diets where the species are combined in equivalent proportions relative to their chemical composition (Pan et al., 2014). Within the different defined diets, each microalgal species should provide equivalent amounts of carbon to test only the effect of the species.

We used carbon as a proxy to establish equivalent ratios among the three microalgae species (Pan et al., 2014). CHN analysis was performed using an elemental analyzer (FLASH 2000 Series CHNS/O Analyzer, Thermo Fisher Scientific, Waltham, MA, United States) to assess the basic chemical profiles of each of these three microalgae cultures and deduce their respective cellular carbon concentrations. All different possible microalgal diets of the combined species were then constructed so that the total feeding volume remained the same. Diets were provided for a period of 15 days to copepods starting from early naupliar stages.



Establishment of Microalgae Diets


CHN Analysis, Microalgal Cell Density, and Carbon Cellular Amount

Prior to experiments, CHN analysis was performed on samples of each of the three microalgal cultures at their exponential phase to determine the carbon content of each species. Microalgae culture conditions in the laboratory were standardized to growth in natural seawater salinity, a constant temperature of 18°C, and a 12-h light:12-h dark photoperiod. These culture conditions were used before CHN analysis and were maintained throughout the experiment. Microalgal cultures in exponential phase were used to feed copepods. To estimate the carbon content of single algal cells, the number of cells present in a 1-mL culture of each microalgal species was counted in five replicates. The average amount of carbon in each species in this volume was then divided by the total number of cells present in this volume. Further details can be found in Dayras et al. (2020).

Differences in carbon concentrations in each microalgal species compared with those reported in the literature are likely due to culture conditions (temperature, light, and salinity), which can affect carbon content (Renaud et al., 1995; Hu, 2004; Pal et al., 2011). For this reason, we used the results from our CHN analyses as reference values in this study.



Microalgal Diet Combinations and Relative Proportions of Microalgae

Given three species of microalgae [R. salina (R), T. lutea (T), and P. lutheri (P)], seven different diets combinations are possible:


-Three single-species diets: R, T, and P.

-Three two-species diets: R + T, T + P, and R + P.

-One three-species diet: R + T + P.



Because of variability in cellular carbon concentration and cell density in microalgae cultures, we used the volume of microalgal solution as a proxy for carbon concentration in our study. The total required volume of each diet for daily feeding was deduced from the standard volume of microalgae used to feed permanent copepod cultures maintained in the laboratory, and corresponded to a volume of 9.1 mL of microalgal culture per day for each large beaker of 10 L. This volume of algal cells corresponds to a carbon amount that is not limiting for P. nana (Lee et al., 2012a). To create the combination diets, volume ratios of each of the microalgal species that contained the same proportional amount of carbon in the same total volume of 9.1 mL were deduced based on the results of CHN analysis so that species parameter is the only parameter being tested.



Microalgal Cultures and Initial Sampling

Microalgae were grown in batch cultures in six different autoclaved 2 L flasks following the protocol of Sadovskaya et al. (2014). Specific culture conditions used are described in detail in Dayras et al. (2020). Three additional 2 L flasks were set up with the exact same protocol, one for each species, and were used exclusively for fatty acid and carbohydrate analyses. When exponential phase growth was reached by each of the three microalgal species, 1 mL samples were obtained and fixed with Lugol’s solution to count cells. The entire remaining volume of culture of each species was then centrifuged and lyophilized for further fatty acid and carbohydrate analyses.



Copepod Culture and Initial Sampling

Paracyclopina nana used in current experiments was originally obtained from J-SL from Sungkyunkwan University of South Korea in 2015. Copepods were grown in the laboratory in a 300-L cylindrical acrylic tank. Specific culture conditions and the collecting protocol are described in Dayras et al. (2020). Adult stages were removed and half the amount of nauplii present in the tank were kept for experiments.

Seven 10-L beakers containing 8 L of culture medium were set up, one for each of the diet combination being evaluated. The use of a single replicate of these large beakers was justified by our preliminary observations of low variability between replicate P. nana cultures. Each beaker was filled with 8 L of 15 ppt water and placed at a constant temperature of 18°C with a 12-h light:12-h dark photoperiod. The 1.2 L aliquot of concentrated nauplii was divided in 12× 100-mL aliquots. Seven of these aliquots were diluted in one of the seven beakers used in the experiments; two were individually filtered to remove any water, concentrated in cryotubes, and stored at −80°C for both fatty acid and carbohydrate analyses; and the remaining three aliquots of 100 mL were used for other analyses.



Experiment Monitoring


Daily Feeding With Microalgal Diets

Each beaker of copepods was fed daily with a total volume of 9.1 mL of each combination of microalgal diet containing relative proportions of the different microalgal species as described in Dayras et al. (2020).



Daily and Final Sampling

Each day, 1 mL of each microalgal culture was sampled to determine the exact daily amount of carbon provided after cellular counting. Corresponding data can be found in Dayras et al. (2020).

At the end of the experiment (15 days), two volumes of 500 mL were obtained from each of the seven copepod beakers. These 500-mL samples were individually filtered to remove water, and copepods were collected and concentrated in cryotubes and stored at −80°C for both fatty acid and carbohydrate analyses. This sampling was supplemented by sorting 20 ovigerous females for morphological measurements (prosome length and width) and fertility assessment (number and size of eggs per ovigerous female).



Ovigerous Female Morphological Measurements

The 20 fixed ovigerous females obtained from each diet condition were individually photographed and studied under an inverted microscope (model Olympus IX71, Tokyo, Japan) with 10× magnification coupled to a ToupCam camera (model UCMOS05100KPA, Zhejiang, China) connected to a computer using ToupView software from ToupTek Photonics (version 3.7). For each single ovigerous female, a photo of the whole body was taken for measurements. Egg sacs were then manually detached and the eggs were photographed.

Morphological measurements were assessed from photographs using ImageJ software (version 1.48v) as described in Souissi et al. (2016). Prosome length and width and egg diameter were manually measured for each ovigerous female. Prosome volume was then calculated using the formula used to calculate the volume of an ellipsoid, namely V = [image: image]ab2 where a corresponds to half the body length and b corresponds to half the body width.



Fatty Acid Analysis

To investigate variations in internal fatty acid quantity induced by the different tested diets, fatty acid methyl esters (FAMEs) of copepods and microalgae samples stored at −80°C were prepared by direct transesterification reactions. We used the method detailed in Pan et al. (2018). Five milligrams of lyophilized copepods and microalgal pellets (n = 1 and n = 3, respectively) were evaluated. Extracted FAMEs were stored at −20°C until gas chromatography (GC) analysis, which was performed using a Trace GC ULTRA system (Thermo Fisher Scientific, Waltham, MA, United States) equipped with a capillary column NMTR-5MS (30 m × 0.25 mm) and FID detector using a temperature gradient of 170°C (3 min) → 250°C at a heating rate of 5°C/min. Peaks were identified with appropriate standards and samples previously analyzed by GC-MS (Pan et al., 2018). Copepod values were converted and quantified using the internal standard C17:0 quantity introduced in each sample (10 μg) and directly expressed in μg/mg DW (μg per mg of dry weight). The fatty acid amount was then estimated relative to the fatty acid quantity measured in a control sample (T0) at the beginning of the experiment. For microalgae, the number of cells in 1 mL triplicates was counted and converted to the initial tested volume of 1700 mL for each species, then extrapolated for 5 mg and a mean value was calculated. Results were then also expressed in μg/mg DW.



Carbohydrate Analysis

Internal carbohydrate quantities of the different copepod and microalgae samples were also measured. Monosaccharide analysis of cells was performed as described previously (Sadovskaya et al., 2014). After lyophilization of all samples, whole copepod samples and 5 mg of microalgal pellets in triplicate were used (n = 1 and n = 3, respectively), after recording sample weights. Samples were defatted by extraction with CHCl–MeOH, 2:1 and 1:2 (v/v), and then air-dried. Residue was hydrolyzed with 4 M TFA (110°C, 3 h) in the presence of a known amount of myo-inositol, the internal standard. Fifty microliters of myo-inositol concentrated to 180 μg/100 μL (corresponding to 90 μg) was used for microalgae samples and 50 μL of myo-inositol concentrated to 9 μg/100 μL (corresponding to 4.5 μg) was used for copepod samples. The acid was evaporated with nitrogen, and released monosaccharides were reduced with NaBH4 overnight. Excess NaBH4 was removed with 10% AcOH in MeOH and the solution was evaporated. The procedure was repeated twice more with 10% AcOH in MeOH and twice more with MeOH to remove borates. Alditols were then acetylated with 0.4 mL of Ac2O–0.4 mL pyridine mixture for 1 h at 100°C. Reagents were evaporated with toluene, residue was dissolved in chloroform, washed twice with water, filtered through a cotton filter, and concentrated prior to GC analysis. GC was performed using a Trace GC ULTRA system (Thermo Fisher Scientific, Waltham, MA, United States) equipped with a capillary column NMTR-5MS (30 m × 0.25 mm) and FID detector using a temperature gradient of 170°C (3 min) → 250°C at a heating rate of 5°C/min. Results were converted to μg/mg DW from the initial standard myo-inositol quantity introduced into each sample and mean values were then calculated.



Statistical Analysis

To test the effect of diet and potential correlations between the three parameters of prosome volume, clutch volume, and EPA amount in ovigerous females, Pearson’s chi-squared test was used and applied to each combination of two parameters. All statistical tests were conducted at the 95% confidence level. To test the effect of all treatments on female volume and clutch volume, we performed an ANOVA and MULTICOMPARE tests. These analyses were performed using the Matlab Software (Mathworks Inc., Version, 7.5).



RESULTS


Effects of Microalgal Diet on Fatty Acid Composition of P. nana

A typical chromatogram illustrating the fatty acid profiles obtained by gas chromatography (GC) in copepod samples can be seen in Figure 1, corresponding to the copepods fed with the R + T diet. Predominant fatty acids in P. nana were the C14:0, C16:1, C16:0, C18:0, C20:5 (EPA), and C22:6 (DHA), and their detailed amounts in all microalgae and copepods samples are presented in Table 1. Tisochrysis lutea (T) had the highest total fatty acid content of the three species evaluated (85.38 ± 4.36 μg/mg DW), whereas, R. salina (R) had the lowest total fatty acid content (66.38 ± 7.22 μg/mg DW) and also the lowest amount of DHA (5.04 ± 0.62 μg/mg DW). Both of these microalgae contained particularly high amounts of C18:0 (22.35 ± 2.54 μg/mg DW for R and 23.62 ± 1.25 μg/mg DW for T), the double what P contained (11.22 ± 0.66 μg/mg DW of C18:0). T. lutea contained the highest DHA amount (8.31 ± 0.56 μg/mg DW) but the lowest EPA amount (0.69 ± 0.24 μg/mg DW) among the three tested microalgae species, resulting in the highest DHA/EPA ratio (12.1). P. lutheri (P) presented high levels for each individual fatty acid except C18:0 compared to the other two species and particularly concerning C16:1 and C16:0 (12.68 ± 2.02 μg/mg DW and 12.52 ± 1.90 μg/mg DW, respectively). P. lutheri especially contained a much higher EPA amount (25.43 ± 1.27 μg/mg DW) and a relatively high DHA amount (7.68 ± 0.84 μg/mg DW), resulting in the lowest DHA/EPA ratio among the three species (0.30).


[image: image]

FIGURE 1. Fatty acid profile obtained by gas chromatography (GC) in Paracyclopina nana copepods fed with the microalgal diet R + T. Respective rentention times for each peak appear in green. Peaks corresponding to the identified fatty acids and the internal standard are annotated in bold black. R, Rhodomonas salina; T, Tisochrysis lutea.



TABLE 1. Total fatty acid amounts and respective EPA and DHA contents in each copepod and microalgae lyophilized sample.

[image: Table 1]Copepods fed on diets R + T (291.1 μg/mg DW), R (251.7 μg/mg DW), and T (246.2 μg/mg DW) for 15 days had the highest amounts of fatty acids; these values correspond to increase ratios of 12.77, 11.04, and 10.80, respectively. Diets R and T both engendered high levels of C16:0 (10.72 μg/mg DW and 10.98 μg/mg DW, respectively) and the highest C18:0 levels (19.13 μg/mg DW and 17.57 μg/mg DW, respectively) in copepods. The highest amounts of C16:1 (18.55 μg/mg DW) and C16:0 (15.44 μg/mg DW) in copepods have been induced by the R + T diet. Diets that induced the smallest fatty acid increases in copepods were R + T + P (168.5 μg/mg DW), R + P (159.2 μg/mg DW), and P (157.6 μg/mg DW), corresponding to increase ratios of 7.39, 6.98 and 6.91, respectively. Overall, the R + P and R + T + P diets engendered lower levels of each fatty acid than the other diets, and particularly the P diet which led to copepods containing some of the lowest levels of each individual studied fatty acid. R + T also induced the highest EPA amount of 3.19 μg in copepods among all seven tested diets, and the lowest DHA/EPA ratio (1.07). The highest DHA amounts were detected in copepods fed the R and T diets at 5.57 μg/mg DW and 5.37 μg/mg DW, respectively. A high level of C18:0 (14.78 μg/mg DW) and also the highest DHA/EPA ratio were found in copepods fed the T + P diet due to the low amount of EPA this diet induced (1.04 μg/mg DW).



Effects of Microalgal Diet on the Monosaccharide Composition of P. nana

Detailed amounts of seven specific monosaccharides in microalgae and copepods samples are shown in Table 2. Rhodomonas salina (R) had the highest total monosaccharide content of the three species (46.60 ± 4.71 μg/mg DW), whereas, T. lutea (T) had the lowest total monosaccharide content (28.28 ± 9.20 μg/mg DW). R had a higher amount of glucose than the other two species (36.46 ± 3.31 μg/mg DW) and was also the only species in which fucose was detected (1.23 ± 0.17 μg/mg DW). T contained the highest amounts of mannose (3.35 ± 1.03 μg/mg DW), galactose (7.55 ± 2.82 μg/mg DW), arabinose (9.55 ± 2.53 μg/mg DW), and xylose (2.66 ± 1.22 μg/mg DW). P contained the smallest amounts of each of the different monosaccharides evaluated with the exception of ribose (3.96 ± 1.50 μg/mg DW).


TABLE 2. Total monosaccharide amounts and respective amounts of seven specific monosaccharides for each copepod and microalgae lyophilized sample.

[image: Table 2]The R + T + P diet induced the highest total monosaccharide amount in copepods after 15 days of feeding among the seven tested diets at 40.69 μg/mg DW. T + P (22.89 μg/mg DW) and R + T (15.09 μg/mg DW) diets also resulted in a high total monosaccharide content in copepods. Fucose was only detected in copepods fed these three diets : R + T + P, T + P, R + T). R + T + P and T + P diets both led to relatively high amounts of each of the studied monosaccharides in comparison with the five other diets, with the monosaccharide quantities generally highest for the R + T + P diet with the exception of ribose, which was present in the highest quantity in copepods fed the R + T diet (7.70 μg/mg DW). Diet P was associated with the lowest total monosaccharide amount in copepods (3.83 μg/mg DW) in comparison with all treatments, which was even less than the initial amount present in the T0 copepod sample (4.08 μg/mg DW). Furthermore, diet P was associated with the lowest amount of monosaccharides among the seven tested diets except for galactose (0.95 μg/mg DW).



Effects of Microalgal Diet on the Reproductive Investment of P. nana Ovigerous Females


Ovigerous Female Prosome Volume and Clutch Volume

The distribution of ovigerous females prosome volumes after 15 days of receiving one of the seven diets is shown in Figure 2A. R + T and R diets induced the greatest prosome volumes in ovigerous females (R + T: 8.40 × 10–3 ± 0.66 × 10–3 mm3, R: 7.82 × 10–3± 0.82 × 10–3 mm3), whereas, the R + P and T diets were associated with the smallest prosome volumes (R + P: 7.37 × 10–3 ± 1.16 × 10–3 mm3, T: 6.82 × 10–3± 0.93 × 10–3 mm3). The average clutch volume of these same ovigerous females (Figure 2B) was also the greatest for copepods fed the R + T, R, and R + T + P diets (R + T: 2.59 × 10–3 ± 0.55 × 10–3 mm3, R: 2.36 × 10–3 ± 0.37 × 10–3 mm3, R + T + P: 2.27 × 10–3 ± 0.47 × 10–3 mm3), whereas, the P diet resulted in the smallest clutch volume (1.09 × 10–3 ± 0.31 × 10–3 mm3).


[image: image]

FIGURE 2. Boxplot showing the distribution of prosome volume (A) and clutch volume (B) of Paracyclopina nana ovigerous females fed on different microalgal diets. Shaded boxes represent the first and third quartiles with the middle bar indicating the median. The end of the whiskers extends from the hinge to the lowest and highest value within a 1.5 inter-quartile range. R, Rhodomonas salina; T, Tisochrysis lutea; P, Pavlova lutheri.


A plot of clutch volume versus prosome volume for each microalgal diet confirmed a linear relationship between female clutch volume and prosome volume (Figure 3). In particular, the R + T diet resulted in the highest values for both parameters and a linear relationship between ovigerous females clutch volume and prosome volume (y = 0.9163x - 5.069) with a significant correlation coefficient (R2 = 0.5841, p < 0.01). Both of these morphological parameters were also evaluated with regard to the EPA data; clutch volume and prosome volume were each plotted against EPA amount for each microalgal diet (Figures 4, 5, respectively). As can be seen from these plots, R + T and R diets yielded the highest values. A linear relationship was found between ovigerous female clutch volume and EPA amount (y = 0.4781x + 0.9374), with a significant correlation coefficient (R2 = 0.446, p < 0.01), as well as between ovigerous female prosome volume and EPA amount (y = 0.387x + 6.8058), with a significant correlation coefficient (R2 = 0.4202, p < 0.01). The other tested relationships, in particular DHA amount or total fatty acid amount, did not show any significant correlations with clutch volume or prosome volume.


[image: image]

FIGURE 3. Relationship between average prosome volume and clutch volume in Paracyclopina nana ovigerous females for each microalgal diet. Error bars show the standard deviations obtained from n = 20 females. Dashed line corresponds to the linear regression (EV = 0.9163 X PV – 5.069, R2 = 0.5841, p < 0.01). Pearson’s test was performed to determine the significance of the coefficient of determination R2. R: Rhodomonas salina, T: Tisochrysis lutea, P: Pavlova lutheri.
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FIGURE 4. Relationship between average clutch volume and EPA amount in Paracyclopina nana ovigerous females for each microalgal diet. Error bars show the standard deviations obtained from n = 20 females. Dashed line corresponds to the linear regression (EV = 0.4781 X PV + 0.9374, R2 = 0.446, p < 0.01). Pearson’s test was performed to determine the significance of the coefficient of determination R2. R, Rhodomonas salina; T, Tisochrysis lutea; P, Pavlova lutheri.
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FIGURE 5. Relationship between average prosome volume and EPA amount in Paracyclopina nana ovigerous females for each microalgal diet. Error bars show the standard deviations obtained from n = 20 females. Dashed line corresponds to the linear regression (EV = 0.387 X PV + 6.8058, R2 = 0.4202, p < 0.01). Pearson’s test was performed to determine the significance of the coefficient of determination R2. R, Rhodomonas salina; T, Tisochrysis lutea; P, Pavlova lutheri.


Representative photographs of the morphology of the different P. nana ovigerous females fed each diet are presented in Figure 6. R-fed and R + T-fed ovigerous females visually looked the biggest and had the biggest egg sacs. Females fed the R + T + P diet and the R + P diet had the next largest egg sacs and body sizes. The smallest ovigerous females with the smallest egg sacs were those that received the T + P diet, the T diet and finally, the P diet.
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FIGURE 6. Visual comparison of the body size and the size of the egg sacs of Paracyclopina nana ovigerous females fed on different microalgal diets. Additional supporting data on ovigerous females respective prosome length and clutch size can be found in Dayras et al. (2020). R, Rhodomonas salina; T, Tisochrysis lutea; P, Pavlova lutheri.




DISCUSSION


Effects of Microalgal Diet on the Fatty Acid Composition of P. nana

The fatty acid profile of copepods is directly linked to their diet and its fatty acid composition, as these nutrients are stored in the copepod body as lipid droplets (Lee et al., 2017). It is therefore essential to investigate both copepod and diet fatty acid composition to determine the optimal diet for copepod aquaculture (Van der Meeren et al., 2008) and to gain insight into the trophic ecology of copepods in marine ecosystems (El-Sabaawi et al., 2009).

In the present study, copepods fed the R + T, R, and T diets had the highest final fatty acid amounts. Diets R and T both induced particularly high C18:0 amounts in copepods and this is consistent with the C18:0 amounts in both microalga R. salina and T. lutea that were originally really high. Diets associated with the lowest fatty acids amounts in copepods were the R + T + P, R + P, and P diets, confirming that P. lutheri is not the best microalgal prey species for P. nana. However, P. lutheri contained a large amount of fatty acids while R. salina contained the lowest amount of fatty acids among the three microalgal species evaluated. This implies that the fatty acid profile of copepods is not determined by the relative quantity of fatty acids in their diet, but rather the nature and quality of dietary fatty acids. This is supported by the DHA/EPA ratio results we obtained. The highest DHA/EPA ratio was found in T. lutea due to the very low amount of EPA present in this species, but the T diet yielded some of the highest DHA and EPA amounts in P. nana individuals. This implies that copepods have the ability to bio-convert EPA to DHA. Desvilettes et al. (1997) previously reported that P. nana could convert high amounts of α-linolenic acid (ALA) from Tetraselmis suecica to EPA and DHA when fed on it. In our study, another conversion effect is observed in P. nana as the individuals fed R + T present the highest amounts of C16:1 and C16:0, whereas, our results showed that both R. salina and T. lutea contain lower amounts of these two fatty acids than P. lutheri. Lee et al. (2020) also showed that the fatty acid contents of P. nana individuals were affected by the fatty acid composition of their microalgal diet. Results from food selectivity experiments of different microalgae species demonstrated that P. nana fed Nannochloropsis oculata contained long-chain saturated fatty acids (C20:0 and C22:0), although this microalgae did not contain any C20:0 and C22:0 fatty acids, indicating that P. nana can biosynthesize saturated fatty acids. Thus, cyclopoid copepods can incorporate shorter chain fatty acids from microalgae into EPA and DHA. Nielsen et al. (2019) investigated the potential ability of the cyclopoid copepod Apocyclops royi to biosynthesize polyunsaturated fatty acids (PUFA) through feeding experiments using PUFA-poor Dunaliella tertiolecta and PUFA-rich Isochrysis galbana. Results indicated that the copepods always contained high contents of DHA, and no significant differences in absolute DHA content were detected between treatments, even when copepods were starved of DHA for two generations. Gene expression analysis revealed significantly higher expression of two desaturases in copepods fed PUFA-poor microalgae compared to copepods fed PUFA-rich microalgae. This suggested active PUFA biosynthesis and DHA production capability in A. royi fed low-PUFA diets, confirming the idea that cyclopoid copepods have the ability to bio-convert dietary essential fatty acids into complex storage fatty acids such as EPA and DHA.

In our study, the lowest DHA/EPA ratio was found in P. lutheri because of its high EPA amount, but copepods fed the P diet did not have elevated amounts of EPA and in fact had some of the lowest DHA and EPA amounts among all tested diets. Although P. lutheri contains potential precursor fatty acids for DHA synthesis, these precursors may not be efficiently absorbed by copepods. A similar phenomenon was observed for the other fatty acids studied since the copepods fed with the P diet presented some of the lowest levels of each individual fatty acid while P. lutheri is the microalga containing the highest amounts of C16: 1 and C16: 0 among the three microalgae studied. This may be related to the fact that P. lutheri is the smallest microalgal species among the three tested here (4–6 μm) (Kamiyama and Arima, 2001; Rehberg-Haas, 2014). It is more than twice as small as R. salina, which measures 12.9 × 7.7 μm (average coefficient of variation 19.4%) (Renaud et al., 1999; Schipp et al., 1999). This likely makes P. lutheri the most expensive of the three microalgal species to graze on for P. nana, or P. nana may not have the adaptions required to digest this microalgal species. The genus Pavlova is also known to be a very fragile one. Most common strains of Pavlova are known to be sensitive against shear force and high temperature (>28°C). They appear to be very sensitive to downstreaming processes and have a very short shelf-life, and for this reason it has not been possible to produce Pavlova sp. in an industrial scale so far (Rehberg-Haas, 2014). This fragility may also justify why P. lutheri was not the most performant microalga of our experiment.

In our work, R. salina had average DHA and EPA amounts, but its diet combination with T. lutea (R + T) led to the lowest DHA/EPA ratio in copepods, with a record EPA amount, and its combination with P. lutheri (R + P) led to the highest DHA/EPA ratio in copepods, with a high DHA amount. The R diet alone resulted in a record DHA amount and one of the highest EPA amounts in P. nana. Many studies have pointed out the crucial roles of dietary DHA and EPA in fish development (Rainuzzo et al., 1997; Sargent et al., 1999; Izquierdo et al., 2000; Mejri et al., 2021). These particular fatty acids help maintain the function of visual and neural cells as well as cell membrane structure. Therefore, a diet deficient in DHA and EPA could lead to delayed growth and increased mortality in fish larvae (Mejri et al., 2021). DHA is of greater importance than EPA in marine fish as the former is present in high concentrations in fish larval tissue and promotes development to a greater extent than EPA. The relative proportion of DHA to EPA in larval diets is an important component to consider, and the optimal ratio of DHA to EPA has been established to be 2:1 (Sargent et al., 1997). In the present study, the ratio of DHA to EPA in P. nana was always higher than 2:1 among the different tested microalgal diets, except for R + T (1:1). Particularly high DHA-to-EPA ratios were observed in copepods fed the T + P and R + P diets, probably because of the contributions of P. lutheri, which had by far the highest amount of EPA that was then converted to DHA.

Comparison of microalgae and copepods fatty acid profiles confirmed that P. nana has fatty acid conversion capability. Based on our results, R + T and R diets appear optimal for culture and enrichment of P. nana as these diets induced record amounts of DHA and EPA in this copepod species and globally increased its fatty acid content. Diets T + P and R + P are preferable diets to feed P. nana cultured for use in aquaculture if the aim is to obtain copepods with the highest DHA/EPA ratio.



Effects of Microalgal Diet on the Monosaccharide Composition of P. nana

Carbohydrates in aquatic animals have been mostly studied in fish species to investigate the ability of fish to use dietary carbohydrates; few studies have been performed on crustaceans and even fewer on copepods. Most research has focused on the carbohydrate metabolism of shrimp and crab species because of their use as high quality protein sources in human diets (Wang et al., 2016). Carbohydrates in copepods are poorly characterized and previous investigations provided conflicting results, likely because carbohydrate content in copepods varies widely according to study conditions and various intrinsic factors (Kleppel, 1993). Carbohydrates are rarely stored in crustaceans, but are rather rapidly metabolized for several vital functions (Cuzon et al., 2000).

The three tested microalgal species had different monosaccharide profiles. R. salina had the highest total monosaccharide content per milligram, with almost one third more than the two others species. However, the individual amounts of monosaccharides were always the lowest in this species except for glucose, which was present at a high concentration in R. salina, which positively correlated with the high total monosaccharide content of this microalgal species. R. salina therefore seems to be a glucose-specialized microalga. Conversely, T. lutea had the lowest total monosaccharide content, with 10-fold less glucose per milligram than R. salina, but generally had the highest individual amounts of each of the individual monosaccharides evaluated. P. lutheri had an intermediate monosaccharide profile characterized by a moderately glucose content and lower concentrations of the individual monosaccharides than T. lutea.

When monosaccharide content in copepods was evaluated, copepods fed the R + T + P diet combination had the highest total monosaccharide content and also, in general, the highest amounts of each individual monosaccharide. These results suggest an additive effect of each microalgal species on monosaccharide richness; the higher the amounts of various monosaccharides in the diet, the greater the concentration of monosaccharides in P. nana. Both T + P and R + T diets induced high monosaccharide concentrations in P. nana. Diets that yielded the lowest total monosaccharide contents in copepods were the single-species diets, often resulting in individual monosaccharide quantities less than 1 μg/mg. Diet P was the least efficient diet in term of monosaccharide content in P. nana, which is consistent with the very low concentrations of monosaccharides found in this microalgal species.

Comparing both fatty acids and monosaccharides profiles in microalgae (Appendix A), R. salina had the highest monosaccharide content but lowest fatty acid content. Inversely, T. lutea had the lowest monosaccharides content but the highest fatty acid content. The same phenomenon was observed in copepods fed these diets. R + T + P induced the highest monosaccharide concentration in copepods but a low fatty acid content, whereas, R + T and R diets resulted in the highest fatty acid concentration in copepods but not monosaccharide content. Our results therefore suggest that, for fish larvae rearing purposes, it is preferable to use a varied diet comprising several species of microalgae; we recommend the R+T diet as the best compromise diet for productive culture of P. nana.



Effects of Microalgal Diet on Reproductive Investment by P. nana Ovigerous Females

The three diets of R + T, R, and R + T + P gave the best results in terms of clutch volume and ovigerous female prosome volume in P. nana. We also demonstrated that these three diets were associated with the highest egg numbers per ovigerous female. As shown in Figure 3, diets R + T, R, and R + T + P induced both large females with bulky prosomes and a large clutch size. The photographs shown in Figure 6 also confirm that it is the ovigerous females fed with the diets R, R + T, and R + T + P which ended to look the biggest and obtained the largest egg sacs. These observations are also consistent with the conclusions from the prosome length and clutch size analyses which can be found in Dayras et al. (2020). In our present study, these three diets were associated with the lowest DHA/EPA ratios in copepods. A low DHA/EPA ratio and high EPA content therefore appear to be linked to increased fecundity in P. nana copepod females, both in terms of number of eggs and morphological quality of eggs and females. Copepods fed the R + T and R diets had the highest EPA amounts and also the highest total fatty acid amounts. Ovigerous females rich in fatty acids and particularly in EPA appeared to be the largest and most fertile females.

The P diet was associated with the lowest clutch volumes and lowest egg numbers in ovigerous females. P-fed females were also the smallest and carrying the smallest egg sacs. All the diets in which P. lutheri was involved were the lowest ones in terms of EPA content in copepods, confirming again its poor performances in the culture of P. nana.

Ovigerous females prosome volume and clutch volume seem to be not only appear to be influenced in the same way by EPA richness and to be correlated with each other. We demonstrated a significant linear relationship between prosome volume and clutch volume in P. nana ovigerous females and between each one of these two parameters and EPA amount. Thus, EPA affects the fecundity of P. nana. Arendt et al. (2005) found a positive relationship between the EPA amount ingested by the copepod Temora longicornis and its egg production rate. It appears that the higher the EPA content of the copepod, the higher its egg production. Previous studies have shown that copepod fecundity may be influenced by the DHA and EPA content of their diets (Støttrup and Jensen, 1990; Kleppel et al., 2005). Similar to the findings of Pan et al. (2018) for Apocyclops royi, our results indicate that dietary DHA levels did not have a large effect on P. nana fecundity, and may rather play an indirect role. Consistent with Lee et al. (2006) findings, P. nana appears to be able to synthesize DHA from short-chain fatty acids. This ability would allow this copepod species to remain reproductively active even in the absence of DHA in its diet.



CONCLUSION

Overall, our experimental results indicate that R. salina is the diet that induces the highest productivity of P. nana in culture, especially when combined with T. lutea. A mixed diet composed of R. salina and T. lutea induced the highest total fatty acid content in P. nana, a good monosaccharide profile, and the greatest prosome and clutch volumes in ovigerous females. Conversely, P. lutheri does not appear to be an effective microalgal prey species for P. nana raised for aquaculture purposes. This study is the first to explore the effects of different diets on the fatty acid and monosaccharide profile of P. nana, and to demonstrate that R. salina is a suitable microalgal species for productive and effective mass culture of this copepod species for use as a live prey in aquaculture.
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APPENDIX


Appendix 1. Comparison of fatty acid and monosaccharide profiles in the microalgal and copepod samples.
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