
 
 
 
 

 
 
 
 
 
 
 

 

 

This is the peer reviewed version of the following article: Ahmadifard, Nasrollah, Sirwe 

Ghaderpour, Naser Agh, Zakaria Vahabzadeh, and Alicia Estevez. 2022. "Long‐Term 

Incorporation Of Selenium And Zinc In Microalgae Isochrysis Galbana And 

Nannochloropsis Oculata And Its Effects On Rotifer". Aquaculture Research. 

doi:10.1111/are.15831., which has been published in final form at 

https://doi.org/10.1111/are.15831. This article may be used for non-commercial 

purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived 

Versions http://www.wileyauthors.com/self-archiving. 
 
 
 

Document downloaded from: 
 

 
 
 

https://doi.org/10.1111/are.15831
http://www.wileyauthors.com/self-archiving
http://repositori.irta.cat/


Long-term incorporation of Selenium and Zinc in microalgae Isochrysis 1 

galbana and Nannochloropsis oculata and its effects on rotifer 2 

 3 

Running Head: Long-term minerals enrichment of algae and rotifer 4 

 5 

Nasrollah Ahmadifard *1, Sirwe Ghaderpour1, Naser Agh2, Zakaria Vahabzadeh3, Alicia Estevez4 6 

1 Department of Fisheries, Faculty of Agriculture and Natural Resources, Urmia University, P.O. Box: 7 

57153-165, Urmia, Iran.  8 

2 Department of Artemia, Artemia & Aquaculture Research Institute, Urmia University, P.O. Box: 57153-9 

165, Urmia, Iran 10 

3 Department of Clinical Biochemistry, Kurdistan University of Medical Sciences, Sanandaj, Iran 11 

4 IRTA, Centro de San Carlos de la Rápita, San Carlos de la Rápita, 43540 Tarragona, Spain  12 

* Corresponding author, Email: n.ahmadifard@urmia.ac.ir, Tel: +9832770489 13 

 14 

Abstract 15 

Rotifers are widely used in hatcheries to feed small-sized aquatic larvae although one of their 16 

disadvantages is the lack of zinc and selenium 5 and 30 fold lower than in copepods, respectively. 17 

To improve the rotifers quality, different concentrations of zinc and selenium (2, 4, 5, and 10 mg 18 

L-1 of each mineral) were added to the medium of the microalgae Isochrysis aff. galbana and 19 

Nannochloropsis oculata for 4 days, then the microalgae were harvested and concentrated to feed 20 

the rotifers. N. oculata accumulated a greater amount of Zn and Se into cells than I. galbana. The 21 

cell size of algae given 0, 2, and 4 mg L-1 of minerals did not change in both microalgae, but 22 

enrichment of the microalgae with the 5 and 10 mg L-1 decreased the sizes and paled the color of 23 



cells and increased cell division. The 2 mg L-1 was the best group for rotifers in terms of growth 24 

(population density, number of eggs, egg ratio, Specific growth rate, the maximum number and 25 

doubling time), and contained the second-highest level of Zn (69.26 ± 0.60) and Se (103.5 ± 5.0) 26 

content within a safe limit. Thus, rotifers enriched with Se and Zn can be used as a mineral delivery 27 

method to cover the nutritional requirements of marine larvae. 28 

Keywords: long-term enrichment, Live food, Microalgae, Cell size, Minerals, Rotifer. 29 

 30 

1. Introduction 31 

Rotifers are widely used for feeding aquatic larvae with small-sized mouths because of their 32 

small size, slow swimming, rapid reproduction, easy culture and nutrient enrichment capability 33 

(Yanes-Roca et al. 2018; Wang et al. 2019) although their content in polyunsaturated fatty acids, 34 

vitamins, and some minerals such as selenium and zinc (Se, 30 and Zn, 5 fold) is lower than in 35 

copepods (Nordgreen et al. 2013; Penglase et al. 2013; Wang et al. 2019) and, in the case of 36 

selenium and zinc content, (Zn, 49 and Se, 0.08 µg g-1 DW) it is also lower than fish requirements 37 

(Zn, 20-30 and Se, 0.25-0.3 µg g-1) (NRC, 2011). The amount of nutrients in rotifers can be 38 

increased by direct or indirect enrichment using other microrganisms like microalgae and yeast 39 

(Hamre et al. 2008a, 2008b, 2016; Nordgreen et al. 2013; Penglase et al. 2013). Live food 40 

enrichment is important because of its reproducibility and predictability, so high quality live food 41 

can be produced on a large scale (Samat et al. 2020). 42 

Microalgae are considered acceptable sources of protein, carbohydrates, fatty acids, 43 

carotenoids, antioxidants, vitamins, and minerals for herbivorous zooplankton such as Daphnia 44 

(Rasdi et al. 2020), rotifer (Koiso et al. 2009; Kandathil Radhakrishnan et al. 2020), Artemia (Ma 45 

and Qin, 2014; Dhaneesh and Kumar, 2017), and copepods (Rasdi et al. 2021) as well as for 46 

feeding finfish and shellfish larvae (Chen et al. 2021; Dineshbabu et al. 2019; Nagappan et al. 47 



2021). The chemical composition of microalgae depends on a wide range of species and culture 48 

conditions and is not an inherently fixed factor. Some microalgae have the capacity to adapt to 49 

changes in environmental conditions by changing their chemical composition in response to 50 

environmental variability (Bonachela et al. 2011; Ghaderpour et al. 2021). By changing 51 

environmental factors such as temperature, brightness, pH, CO2 supply, salt and nutrients, the 52 

desired products can be largely accumulated in microalgae. Also, they have properties such as high 53 

surface to volume ratio and a high affinity for metal-binding groups (Nagappan et al. 2021). They 54 

can adsorb soluble materials such as minerals from the culture medium (fast process) or, in a slow 55 

process, concentrate soluble ions from the water in organic forms in specific organs (Yang et al. 56 

2012).  57 

In aquaculture, despite the use of microalgae as food for zooplankton, the larvae to which the 58 

zooplankton are fed, lack some nutrients such as minerals. Selenium and zinc are essential trace 59 

minerals with a beneficial effect on human as well as on aquatic animal health (Monteiro et al. 60 

2011, Nordgreen et al. 2013, Wang et al. 2019). According to Samat et al. (2020) the use of 61 

selenium-enriched zooplankton increased the growth, survival and thyroid hormone status of larval 62 

fish whereas using Zn and Mn-enriched Artemia the growth and normal skeletal development was 63 

improved in sea bream (Pagrus major) larvae (Satoh et al. 2008). These minerals have organic and 64 

inorganic forms. The water-soluble inorganic form is toxic and cannot be directly used for 65 

zooplankton and fish (Molina-Poveda, 2016; Silva et al. 2019), on the other hand the organic form 66 

has higher bioavailability and lower toxicity. According to published results, Se-enriched 67 

Isochrysis galbana (Santos, 2015) and Chlorella vulgaris (Kim et al. 2014) have higher efficiency 68 

for Se as a Se-methionine form. Higher trophic level organisms such as finfish and shellfish cannot 69 

produce organic forms of minerals, but microalgae can take up soluble inorganic forms and bio-70 

accumulate these minerals in an organic form. In this way, microalgae can be used as bio-71 



transferring organisms. In general, enrichment of zooplankton with mineral-enhanced microalgae 72 

is an effective method compared to direct enrichment to meet the requirement of fish larvae (Samat 73 

et al. 2020). 74 

Marine microalgae Nannochloropsis oculata and Isochrysis galbana were selected due to their 75 

high amounts of fatty acids along with mineral enrichment to meet the needs of rotifers. These 76 

microalgae are well known for their high levels of polyunsaturated fatty acids (PUFA) with 77 

Isochrysis galbana containing high amounts of docosahexaenoic acid (DHA), and  N. oculata 78 

a  higher percentage of eicosapentaenoic acid (EPA) (Nuño et al. 2013). The importance of EPA 79 

and DHA in fish diets has been reviewed by Patil et al. (2005, 2007).  80 

This experiment was designed to understand the capacity of marine microalgae I. galbana and 81 

N. oculata to long-term enrichment with inorganic zinc and selenium. The negative effects of these 82 

inorganic minerals on the growth and cell size of microalgae were also studied. This is the first 83 

time that long-term enriched microalgae with the combination of Se and Zn was used for rotifer 84 

enrichment and the first study showing their effects on rotifer populations, their egg production, 85 

and mineral content. 86 

 87 

2. Materials and methods 88 

2.1. Origin of materials 89 

Microalgae Isochrysis aff. galbana (T-ISO) and Nannochloropsis oculata and rotifer 90 

Brachionus plicatilis (adult lorica length = 185 µm) were obtained from the shrimp research 91 

institute of Bushehr (Iran). The culture medium at 20 g L-1 of salinity for microalgae and rotifer 92 

culture was previously autoclaved at 120 °C for 20 min. Zinc sulfate (ZnSO4.7H2O) (Merck) and 93 

sodium selenite (Na2SeO3) used for enrichment of microalgae were provided by Sigma-Aldrich 94 

(USA).  95 



 96 

2.2. Long-term enrichment of microalgae 97 

Microalgae I. galbana and N. oculata were cultured in F/2 Guillard medium in an indoor wet-98 

lab for 4 days as in Abbasi et al. (2019) using 10 L glass containers with continuous aeration at 26 99 

± 1°C and 24h light photoperiod. Selenium as sodium selenite (Na2SeO3.3H2O) and zinc as zinc 100 

sulfate (ZnSO4.7H2O) were added at 0 (control), 2 Zn + 2 Se, 4 Zn + 4 Se, 5 Zn + 5 Se, and 10 Zn 101 

+ 10 Se mg L-1 to the nutrient medium for microalgae at the beginning of the culture. Growth of 102 

microalgae was daily determined by counting the cell density under a microscope using a 103 

Neubauer chamber (hemocytometer). At the end of the experiment, the biomass of cultured 104 

microalgae in different concentration of combined minerals was determined using the method of 105 

Babaei et al. (2017). In brief, 50 mL of cultured samples were filtered in a pre-weighed fiberglass 106 

filter, dried in an oven at 105 °C for 3 h, and finally weighed to the nearest 0.0001 g using a digital 107 

balance (Table 1). The microalgae species were harvested at the exponential growth phase using a 108 

high volume centrifuge (Sigma model). The slurries were dried at 40 °C until constant weight for 109 

further analysis. 110 

 111 

2.3. Rotifer culture 112 

Rotifer batch culture was carried out at Urmia University wet lab using 7 L cylindrical glass 113 

conical containers with continuous aeration and light (24h L, 1000 lux) and live Nannochloropsis 114 

oculata as food. Continuous aeration was used to avoid rotifer accumulation at the bottom and to 115 

produce a slow water movement at the top of the conical containers. The temperature was 116 

maintained at 27 ± 0.5 °C, pH ~ 8.3, and salinity 20 g L−1 with an initial density of 50 rotifers mL−1. 117 

 118 

2.4. Rotifer enrichment with Long-term Zn- and Se-enriched algae 119 



Rotifers were enriched using mineral-enriched microalgae using the following treatments: (i) 120 

non-enriched mixed microalgae (50:50 of I. galbana and N. oculata without adding Zn or Se), (ii) 121 

2 mg L-1 Zn + 2 mg L-1 Se -enriched mixed microalgae, (iii) 4 mg L-1 Zn + 4 mg L-1 Se -enriched 122 

mixed microalgae, (iv) 5 mg L-1 Zn + 5 mg L-1 Se -enriched mixed microalgae and (v) 10 mg L-1 123 

Zn + 10 mg L-1 Se -enriched mixed microalgae. Triplicate rotifer cultures were fed twice per day 124 

using a mixture of the microalgae with density of 1.5×103 cell mL-1 N. oculata and 1.5×103 cell 125 

mL-1 I. galbana without any water exchange during 4-day cycles. Due to the difference in size of 126 

algal cells, the microalgae were given to the rotifers based on their dry weight. 127 

 128 

2.5. Growth rate and Egg ratio 129 

Three samples of 1 mL were taken from each conical container for counting the number of 130 

rotifers and eggs using the Bogorov Counting Chamber. Specific growth rate (SGR) was calculated 131 

(Krebs, 1995) using the following formula:  132 

SGR = (Ln Nt- Ln N0)/t 133 

Where N0 and Nt are the initial and final population of rotifers and (t) stands for experiment 134 

period (days). The SGR value was calculated in the exponential phase of the population. 135 

Doubling time (Vallejo et al. 1993): 136 

DT = 
𝐿𝑛 2

𝑆𝐺𝑅
 137 

The egg ratio (females carrying amictic eggs, ER) of rotifers was calculated as a basis to 138 

quantify rotifer health, using the following equation (Nematzadeh et al. 2018): 139 

ER = rotifers with eggs / total rotifers 140 

At the end of the feeding period, all the rotifers were filtered through a 50 m mesh, rinsed with 141 

tap water, and transferred to microtubes. The samples were stored at –80 °C until analysis. 142 



 143 

2.6. Determination of mineral content 144 

The concentration of minerals (Se and Zn) in samples were determined using a novAA® 400 145 

PAtomic Absorption (Analytic Jena, Germany) (Lowry and Lopez, 1946). In short, the frozen 146 

microalgae and rotifers were dried in an oven at 40 °C for 24 h. Then, 100 mg of dried samples 147 

were weighed and digested with 65% nitric acid and 125 µL of hydrogen peroxide at 80 °C for 30 148 

minutes in the water bath. Samples were allowed to cool and the volume of them was adjusted to 149 

20 mL with distilled water for analyzing.  150 

 151 

2.7. Statistical analysis 152 

Statistical analysis was performed with the SPSS software, version 21 using Levene's and 153 

Shapiro-Wilk tests to check the homogeneity of variances and normality, respectively (P<0.05). 154 

Arcsine transformations were conducted in case of all data and were expressed in terms of percentages.  155 

The comparisons among means of treatments were done by the analysis of variance (ANOVA) 156 

followed by Tukey–Kramer HSD for post-hoc multiple comparisons. Differences among the 157 

means were considered significant at p < 0.05. The data are displayed as means of three replicates 158 

± standard deviation (SD). 159 

 160 

2.8. Ethics Statement 161 

No ethical approval was required for this study, as no specific permission is needed for rotifer 162 

studies in Iran. 163 

 164 

3. Results 165 

3.1. Cell density and the size of microalgae 166 



The cellular density of Isochrysis galbana enriched with a combination of different 167 

concentrations of zinc (zinc sulfate) and selenium (sodium selenite) is presented in Fig. 1A. 168 

Statistically significant differences in cellular density of I. galbana were observed in the treatments 169 

with high concentrations of minerals (5 and 10 mg L-1) compared to those with low concentrations 170 

(2 and 4 mg L-1) on the first and third days. Treatments 0, 2, and 5 mg L-1 show a clear increase in 171 

cellular density during cultivation with the highest values observed on the fourth day of culture (p 172 

< 0.05). Although the treatment of 4 mg L-1 also showed an increase in the number of cells, it did 173 

not reach its peak during this period. On the other hand, the 10 mg L-1 treatment showed a decrease 174 

in cell density at the end of the culture period. 175 

The cellular density of N. oculata enriched with different concentrations of zinc (zinc sulfate) 176 

and selenium (sodium selenite) is presented in Fig. 1B. The treatment of 5 mg L-1 showed an 177 

increase in cell density during the culture period with the highest algal cell density obtained on 178 

day 4. The highest cell density of N. oculata enriched with 2 and 4 mg L-1 was observed on the 179 

first day of culture, with 2 mg L-1 treatment showing a constant trend during the 4 days of culture 180 

and 4 mg L-1 a decrease in cell density. The algal cell density of 10 mg L-1 treatment increased 181 

until the second day of culture when it reached the stationary phase. The cellular density of N. 182 

oculata in the control group showed an inconsistent trend during the whole culture period. 183 

The dry weight of non-enriched and enriched I. galbana and N. oculata microalgae with 184 

different concentrations of mixed minerals (zinc sulfate and sodium selenite) is presented in Table 185 

1. The results showed that the dry weight of both microalgae increased by increasing the minerals 186 

in the culture medium until 5 mg L-1, except for the dry weight of 10 mg L-1 treatment that 187 

decreased significantly (p < 0.05). 188 

The cell size of enriched I. galbana and N. oculata with different concentrations of zinc sulfate 189 

(Zn) and sodium selenite (Se) is presented in Fig. 2. High concentrations of minerals (5 and 10 mg 190 



L-1) significantly reduced the size of N. oculata cells, while only the highest amount of these 191 

minerals (10 mg L-1) reduced the size of I. galbana cells (p < 0.05). The lower concentrations of 192 

minerals had no significant effect on the cell size of both microalgae (p > 0.05). 193 

 194 

3.2. Mineral content in microalgae 195 

Changes in zinc (Zn) and selenium (Se) content in enriched N. oculata and I. galbana with 196 

different concentrations of the combination of zinc sulfate and sodium selenite are shown in Fig. 197 

3 (A and B, respectively). The highest Zn content was observed in enriched I. galbana with 2 and 198 

4 mg L-1 of the minerals in the medium, while the highest Zn content in enriched N. oculata was 199 

obtained using 4 and 10 mg L-1 of minerals (P < 0.05) (Fig. 3A). Interestingly, increasing the 200 

mineral concentration in the culture medium of I. galbana produced a decrease in the amount of 201 

zinc retained. 202 

The amounts of selenium in both microalgae increased in parallel to the concentration of this 203 

mineral in the culture medium, with the accumulation of Se in I. galbana being significantly 204 

different among the treatments except for those using 2 and 4 mg L-1 of minerals (Fig. 3B). 205 

 206 

3.3. Effects of the use of Long-term enriched microalgae on rotifer growth  207 

The population density of rotifers fed long-term enriched microalgae with zinc sulfate and 208 

sodium selenite is shown in Fig. 4. After 48 h feeding, the population density of rotifers 209 

significantly changed in all the treatments. The highest population density was obtained in the 210 

rotifers fed 2 mg L-1 enriched microalgae, being significantly higher at days 3 and 4 compared to 211 

the control group (p < 0.05). The lowest number of rotifers in the last three days of culture was 212 



obtained in the rotifers of the 10 mg L-1 treatment (p < 0.05) that even at day 2 showed the lowest 213 

values. 214 

Total egg production of rotifers fed long-term enriched microalgae with zinc sulfate and sodium 215 

selenite is presented in Fig. 5. The highest number of eggs (97 ± 13 eggs day-1) was observed in 216 

the rotifer fed with microalgae enriched with 2 mg L-1 of both minerals and this was achieved on 217 

the second day of rotifer culture, reaching its reproductive peak this day and then declining. The 218 

number of eggs in the control group was not significantly different from that obtained in the 2 mg 219 

L-1 fed group except at day 3, that was lower than the mentioned treatment (p < 0.05). The results 220 

in egg production of rotifers fed 4 and 5 mg L-1 were not significantly different during the whole 221 

duration of the trial (p < 0.05) whereas rotifers fed 10 mg L-1 of minerals showed the lowest 222 

number of eggs without any egg production detected on days 1 and 3. 223 

The results of egg ratio are presented in Fig. 6. The highest egg ratio in the first and second 224 

days was observed in the 2 mg L-1 treatment. In the case of the 4 and 5 mg L-1 treatments the 225 

highest ratio was observed on the second day although this was not significantly different from the 226 

2 mg L-1 group. The lowest egg ratio was observed in the rotifers fed 10 mg L-1 minerals during 227 

the whole trial. 228 

SGR, Nmax and DT results of rotifers fed long-term enriched microalgae with zinc sulfate and 229 

sodium selenite are shown in Table 2. The highest SGR value (0.614 ± 0.026day-1) and Nmax (584 230 

± 62 ind mL-1) were observed in the 2 mg L-1 treatment on the 4th day of culture, which also 231 

showed the shortest time for doubling the rotifer population (p < 0.05). SGR and DT in this 232 

treatment did not show any significant difference with respect to the control group (p < 0.05). SGR 233 

was higher and DT was lower than the control group, whereas Nmax was significantly higher for 234 

this 2 mg L-1 group of rotifers compared to all the treatments (p < 0.05). 235 



3.4. Effect of Long-term enriched microalgae on the mineral content of rotifer 236 

The highest content of zinc was obtained in rotifers fed 4 and 10 mg L-1 of minerals (zinc sulfate 237 

and sodium selenite) (78.93 ± 0.19 and 82.28 ± 0.37 µg g-1 DW, respectively) which was 238 

significantly different from the other experimental groups (p < 0.05) (Fig. 7, A). The lowest 239 

content of zinc (64.17 ± 0.34 µg g-1 DW) was observed in the control group which was significantly 240 

different from all the other treatments (p < 0.05). 241 

The highest amount of selenium (171.31 ± 5.83 µg g-1 DW) was obtained in rotifers fed enriched 242 

microalgae with 5 mg L-1 of minerals (zinc sulfate and sodium selenite) and the lowest amount 243 

(15.03 ±2.77 µg g-1 DW) in the rotifers from the control group, which were significantly different 244 

from the other treatments (p < 0.05) (Fig. 7, B). 245 

 246 

4. Discussion 247 

Despite the importance of Se and Zn as a key part of metalloenzymes in aquatic physiology 248 

(Eryalçın et al. 2020), oxidative stress (Betancor et al. 2012; Pacitti et al. 2013; Saleh et al. 2014; 249 

Izquierdo et al. 2017), ossification (Yamaguchi, 1998), and improvements in larval growth and 250 

survival (Satoh et al. 2008), information regarding mineral nutrition in marine fish larvae is very 251 

limited. Moreover, the availability of the minerals depends on their molecular form such as  252 

Izquierdo et al. (2017) observed using different forms of minerals (inorganic, organic and 253 

nanoparticles) in fish larvae feeding. According to their results, fish larvae fed with organic 254 

minerals showed the best growth and early mineralization while preventing deformities in 255 

branchial arches. Taking into account (1) the importance of selenium and zinc, (2) the lack of these 256 

minerals in live food such as Artemia and Rotifer compared to copepods (Hamre et al. 2013), and 257 



(3) the availability of different minerals form, we have used a combination of these minerals to 258 

investigate the effect of simultaneous enrichment on microalgae and then on rotifers. The ability 259 

of rotifers to absorb minerals from digestible materials is much higher using microalgae than using 260 

a direct feeding with those minerals as Matsumoto et al. (2009) and  Thiry et al. (2012) indicated.  261 

There are two methods to enrich microalgae: short-term and long-term enrichment. In the 262 

present study we have selected long-term enrichment taking into account that one of the important 263 

benefits of long-term enrichment is the incorporation of nutrients inside the microalgal cells 264 

facilitating their transfer to a higher trophic level. According to Dhert et al (2014), the dietary 265 

composition of rotifers can be improved not only through enrichment but also by ameliorating the 266 

feeding and culture conditions in a way that continuous enrichment forms an integral part of the 267 

culture.  The purpose of the long-term and simultaneous enrichment of rotifers with two minerals 268 

in this experiment was to reduce rotifer mortality due to the high manipulation (harvest from 269 

culture, cleaning, enrichment, harvest, cleaning) and the high risk of bacterial and fungal infections 270 

of rotifers in the case that an enrichment using 2 different minerals was carried out. Therefore an 271 

indirect enrichment of rotifers with zinc sulfate and sodium selenite was performed in the present 272 

study using I. galbana and N. oculata that had accumulated these minerals during 4 days. 273 

The reaction of microalgae to minerals depends on their amounts in the surrounding 274 

environment. Growth has been cited as the best and sensitive indicator for detecting excess 275 

minerals in the enrichment (Lin and Shiau, 2005; Jaramillo et al. 2009). If the amount of minerals 276 

in the culture medium is low, it has a stimulating effect on microalgal growth but when it is high, 277 

it has an inhibitory effect (Chan and Chiu 1985, El-Sheekh et al. 2000). Enrichment of I. galbana 278 

using different zinc and selenium concentrations caused different reactions. Thus, the use of 5 and 279 



10 mg L-1 minerals increased the cell density of this microalgae compared to the control group, 280 

whereas 2 and 4 mg L-1 had no significant effects on growth as it is shown in Fig 1.  281 

The enrichment of minerals for N. oculata with 5 and 10 mg L-1 increased the density and cell 282 

division, although not significantly different from the control group. Treatments with 2 and 4 mg 283 

L-1 of minerals in the culture medium of N. oculata caused a peak of reproduction earlier than in 284 

the control group and, as a consequence, their density was lower than the control group in the final 285 

days of culture.  286 

In most of the microalgae studied a steady increase in cell density has been observed using 287 

concentrations of 0.01-0.05 mg Se L-1. Higher concentrations can induce ultrastructural injuries 288 

like those observed in Dunaliella salina using 0.1 mg L-1 Se (Reunova et al. 2007). In the present 289 

study, the two species of microalgae used tolerated higher concentrations of Se and Zn and showed 290 

an increase in cell density at 5 and 10 mg L-1 in parallel to a reduction in cell size. The increasing 291 

number of cells might be the result of the algal cell response to stressful conditions enhancing its 292 

survival despite cell shrinkage.  293 

Pale microalgae cells were observed in the microalgae cultured with 5 and 10 mg L-1 of Se and 294 

Zn as signs of stress conditions. This reduction in color might be due to the production of reactive 295 

oxygen species (ROS) by Zn or Se, with the consequent release of free radicals that can attack 296 

thylakoid lipids damaging the structural pigments of algal cells (Shi and Dalal 1990, Esmaeili 297 

2015, Petsas and Vagi 2017). Furthermore, this might be due to a decrease in the content of 298 

magnesium in the chloroplasts, as a consequence of increasing selenium in the medium, although 299 

Se didn’t affect the uptake of other minerals (Guimarães et al. 2021). 300 

The algal cell wall is porous and composed of polysaccharides, lipids and proteins, that allow 301 

algal cells to absorb metals (Hope and Walker 1975; Davis et al. 2003). The amount of zinc in 302 



cultured Chlorella can reach up to 8.8 µg g-1 DW (Matsumoto et al. 2009), much higher than the 303 

amount of zinc in the control group of the microalgae used in the present experiment due to the 304 

differences in the microalga species and/or their reaction to the same nutrient (zinc sulfate). Algal 305 

species show different reactions in terms of stress sensitivity, which can be due to differences in 306 

pigment type and photosynthetic capacity, cellular lipid and protein content, and cell size 307 

(DeLorenzox et al. 2004).  308 

The amounts of zinc in the long-term enrichment of N. oculata and I. galbana with Zn sulfate 309 

and Na selenite obtained in the present study are lower than those found using a short-term 310 

enrichment (Ghaderpour et al. 2021). However, it should also be noted that, despite the very high 311 

amounts of zinc bio-concentrated in the microalgae in previous experiments, the Zn content in 312 

rotifers fed with them was not high enough. Therefore, it can be concluded that rotifers cannot 313 

reach the same levels of zinc concentration observed in copepods (340-570 µg g-1 DW) by using 314 

microalgae enriched with zinc as food (NRC, 2011). 315 

In the case of the low levels of zinc observed in I. galbana enriched with 5 and 10 mg L-1 316 

minerals, it has been probably a consequence of the smaller size of the cells and the decrease in 317 

their surface area for absorption. This was not observed in N. oculata enriched with 10 mg L-1 318 

minerals despite the smaller cell size and reduced absorption area, but it was observed using 5 mg 319 

L-1. N. oculata absorbed relatively higher amounts of zinc compared to I. galbana, especially in 320 

the treatments using high mineral inclusion, thus a different behavior exists when different 321 

microalgae species are exposed to zinc, with their reaction being quite complex and needing further 322 

investigation. 323 

The toxic effects of selenium on microalgae might be a consequence of: (1) the use of an 324 

inorganic form of Se, (2) the Se concentration in the media, (3) and its similarity with sulphur and 325 



in this case Se can disrupt proteins via substituting sulphur in sulphur bonds, resulting in incorrect 326 

protein shape and dysfunctional enzymes (Ponce et al. 2018) and (4) the specific response of 327 

microalgal species (Guimarães et al. 2021).  Also, the high levels of Se produces reactive oxygen 328 

species (ROS) that stimulate oxidative stress (Lemly 2002). Given that the free form of this mineral 329 

was added to the microalgal culture medium, all these events might have occurred.  330 

The uptake of selenium by N. oculata is much higher than in the case of I. galbana using the 331 

same treatments, probably be due to intracellular processes. For example, Se accumulation in the 332 

control group of N. oculata was 1.95 times higher than the same treatment in I. galbana. Also, the 333 

amount of this element in N. oculata from treatments 2 and 4 mg L-1 was approximately 1.8-1.9 334 

times higher than in I. galbana, which was almost the same as the control group. Se accumulation 335 

in 5 and 10 mg L-1 groups increased up to 3.37 and 2.5 times, respectively. Eryalçın et al. (2020) 336 

mentioned that increasing copper in the diet can increase the uptake of other +2 ions by 337 

upregulating the solute transporter protein, so it is possible that increasing zinc or selenium has 338 

increased the uptake of another ions in the organisms.  339 

The decrease observed in the 10 mg L-1 treatment might indicate some regulation to maintain 340 

homeostasis inside the cells. Interestingly, Se content in N. oculata and I. galbana enriched with 341 

10 mg L-1 was 1.17 and 1.57 times higher than observed using 5 mg L-1, respectively. Overall, the 342 

Se content in N. oculata and I. galbana (separately and in combination) increased in parallel to the 343 

concentration in their culture medium. 344 

The levels of Se in I. galbana were higher than those of the control group in short-term Se-345 

enriched mixed microalgae and the combination of Zn and Se, while in N. oculata (10 and 5 mg 346 

L-1 treatments) the level was much higher than treatments of 40, 80 and 120 mg L-1 in the short-347 

term Se-enriched mixed microalgae (N. oculata and I. galbana), but lower than Zn and Se-348 



enrichment treatments of 80 and 40 mg L-1. Therefore, there might be an inhibitory factor in I. 349 

galbana cells when exposed to Se. Thus N. oculata is a better option for mineral enrichment than 350 

I. galbana. Oraby et al. (2015) mentioned that the interaction between antioxidants and vitamins 351 

increases the bioavailability of Se, thus the presence of these in two microalgae can also increase 352 

the Se-bioavailability. 353 

Other application of these minerals-enriched microalgae can be in the nutrition of aquatic 354 

animals. Concentrated and dried microalgae can be included in aquafeeds to provide minerals (or 355 

other nutrients) to meet their demands and avoid i.e. skeletal abnormalities or other nutritional 356 

deficiencies. 357 

In the case of rotifers (see Fig. 7), the highest Se content was observed in those fed microalgae 358 

enriched with 5 mg L-1. This treatment used in both N. oculata and I. galbana resulted in the 359 

second-highest level of selenium among all other algal treatments. Although the highest amount 360 

of selenium in the microalgae was obtained using 10 mg L-1, the results observed in rotifers were 361 

lower than those obtained with microalgae enriched with 5 mg L-1, probably as a result of a lower 362 

feeding rate of rotifers due to the toxicity of high selenium levels, that can also be confirmed taking 363 

into account the reduction in rotifer density when 10 mg L-1 treatment was used. 364 

The content of Se (171.31 ± 5.83 µg g-1 DW) was higher in the rotifers fed the 5 mg L-1 treatment 365 

being the results higher than those found in a previous study (Ghaderpour et al. 2021) using short-366 

term Zn and Se-enriched microalgae (140.38 - 169.10 µg g-1 DW). On the other hand, Se content 367 

in the present trial was lower than its content in the rotifers fed algae enriched using a Se short-368 

term enrichment protocol. 369 

Due to the unknown interactions between minerals, the use of mixtures using several 370 

compounds might have different effects on the organisms compared to treatments using a single 371 



mineral (Ríos-Arana et al. 2007, Hamre et al. 2008b). The mechanisms of mineral uptake, storage 372 

and excretion in rotifers are variable (Nordgreen et al. 2013), in agreement with the results of this 373 

experiment. Comparing the Se content in the previous trial (140.38 – 5101.44 µg g-1 DW) using 374 

short-term enriched microalgae (Ghaderpour et al. 2021) with the results of the present one, we 375 

can conclude that long-term enrichment of microalgae with these minerals reduces the amount of 376 

Se in the rotifer. 377 

Se content of 1.4-3 µg g-1 DW in the rotifers is enough to cover the Se requirements of fish 378 

larvae (Ribeiro et al. 2012, Kim et al. 2014) and juvenile and adult fish (0.15-0.25 µg g-1) (NRC 379 

2011). According to previous studies, increasing the Se levels from 1.3 to 6.27 mg 380 

selenomethionine kg-1 resulted in growth increase and a reduction in muscular dystrophy in fish 381 

larvae (Betancor et al. 2012), whereas increasing from 0.73 to 8 mg kg-1 did not affect the growth 382 

in rainbow trout (Rider et al. 2009). Saleh et al. (2014) observed that increasing Se from 1.7 to 383 

11.65 increased survival and stress resistance, and mineralization of bones in fish larvae.  384 

Previous research show that increasing Zn levels up to 245 mg/kg in rotifer had no negative 385 

effects on larval fish survival and even using zinc supplementation up to 306 mg/kg did not affect 386 

fish larval growth (Satoh et al. 2008; Yamamoto et al. 2013; Eryalçın et al. 2020). Moreover, low 387 

levels of zinc in the diet (85-100 mg kg-1) and enriched rotifers (119-306 mg kg-1) did not affect 388 

the growth of fish larvae (Izquierdo et al. 2017). It is noteworthy that organic zinc increases 389 

alkaline phosphatase activity in rainbow trout (Kucukbay et al. 2006). 390 

Simultaneous enrichment of larvae with manganese along with zinc and selenium reduced 391 

larval survival to 50% (Izquierdo et al. 2017; Eryalçın et al. 2020), which contrasted with increased 392 

survival of larvae fed manganese-enriched rotifers (Satoh et al. 2008). This difference might be 393 

due to the used inorganic form of manganese. 394 



Therefore, the use of long-term Se enriched microalgae, even using low amounts of the mineral, 395 

can be considered the best way for enriching the rotifers, especially considering that Se uptake by 396 

rotifers was also very high, covering the requirements of larvae.  397 

The highest Zn content was obtained in the rotifers fed with N. oculata and I. galbana enriched 398 

with 4 and 10 mg L-1 of minerals. The treatment of 10 mg L-1 showed the highest content in N. 399 

oculata and the lowest in I. galbana. Feeding rotifers with microalgae enriched on 5 and 2 mg L-1 400 

showed the second-highest level of zinc, the 2 mg L-1 treatment in I. galbana had the highest Zn 401 

value (134 ± 0.38 µg g-1 DW), the same treatment used for N. oculata showed a lower zinc content 402 

in rotifers compared to the control group. Interestingly, the rotifers fed N. oculata enriched using 403 

the 5 mg L-1 treatment had the lowest content among all the other treatments, whereas using the 404 

same treatment in I. galbana gave a lower value compared only to the control group. Therefore, 405 

the uptake of Zn by live food did not follow a general rule and depends on the microalgae species 406 

used. Despite the higher amount of Zn in the microalgae medium, especially in the case of the 5 407 

mg L-1 and  2 mg L-1 treatments, the amount of zinc in the rotifers was almost the same, which is 408 

similar to the results by Nordgreen et al. (2013). They found that despite the higher amount of Zn 409 

in Oriculture commercial feed compared to Origreen, an equal amount of Zn was observed in the 410 

rotifers fed on them. They concluded that the amount of zinc in rotifers fed diets enriched with 411 

copper, Se, manganese and Zn, despite the increase in zinc in the rotifer diet, would not exceed a 412 

certain level and the Zn level decreased in rotifers.  413 

The zinc values obtained in the rotifers were higher than the combination of commercial 414 

products e.g. Algamac 2000 with yeast, Culture Selco 3000 and the combination of algae Chlorella 415 

and yeast (range 64-62 µg g-1 DW) according to Hamre et al. (2008a). However, the Zn content in 416 

the control group was 49 ± 3 µg g-1 DW in the study by Hamre et al. (2008a), which was much 417 



lower than the amounts (64.18 ± 0.34 µg g-1 DW) found in rotifers from the control group of the 418 

present study. Furthermore, the Zn content of rotifers in all the treatments of this experiment was 419 

considerably higher than the recommendation given by NRC (1993), and the requirements for 420 

juvenile or adult cold-water fish (20-30 µg g-1 DW). 421 

Long-term Zn and Se enrichment of microalgae did not increase the Zn content in the rotifers 422 

if we compare with rotifers fed microalgae enriched with Zn for one hour. The highest amount of 423 

zinc in the rotifers was obtained using 10 mg L-1 enriched microalgae (82.28 ± 0.37 µg g-1 DW), 424 

which was lower than the maximum value obtained in the short-term enrichment (Ghaderpour et 425 

al. 2021) with 80 mg L-1 of zinc sulfate and sodium selenite (96.89 ± 1.36 µg g-1 DW) and 120 mg 426 

Zn L-1 treatment (110.45 ± 1.92 µg g-1 DW). It should be noted that rotifers metabolize and excrete 427 

the ingested nutrients during the enrichment period leading to changes in the composition of 428 

rotifers after enrichment. For example, rotifers have been shown to lose essential fatty acids 429 

(Rodriguez et al. 1996, Naz 2008) and zinc (Matsumoto et al. 2009) after enrichment. Wang et al. 430 

(2019) also observed changes in the retention of minerals in the rotifers loosing about 35% of the 431 

stored zinc in the first hour after feeding. 432 

Se absorption in the rotifer depends on the amount of the mineral in the food, on the contrary, 433 

the accumulation of Zn in the rotifer can be much lower than the amount in the diet even when 434 

high levels are used (Nordgreen et al. 2013). The presence of other substances in enrichment 435 

formulations and the duration of enrichment may affect the final concentration of Se in 436 

zooplankton (Samat et al. 2020). Some aquatic cells are able to catalyze the organic form of Se 437 

into alternative forms that can produce superoxides (Spallholz et al. 2004, Ponce et al. 2018). It 438 

might be possible that the rotifers, after absorbing Se at low levels of toxicity from enriched 439 



microalgae, convert it to toxic metabolites resulting in a decrease in rotifer density despite the good 440 

culture conditions (Ponce et al. 2018).  441 

Efficient reproduction, and consequently population density, are important factors to be 442 

controlled in rotifer culture and both are affected by the concentration and variety of metals to 443 

which they are exposed (Hamre et al. 2008a; Xu et al. 2015). Rotifers select food in the range of 444 

4-10 µm, and using I. galbana and N. oculata enriched with minerals is more appropriate than Se 445 

enriched C. vulgaris with a size of more than 15 µm (Sun et al. 2020). In this study, Sun et al 446 

(2020) showed that rotifer fed on Chlorella pyrenoidesa with 4 µm size gave better results than 447 

using C. vulgaris. Thus, one of the reasons for the low growth of the rotifer fed the 5 and 10 mg 448 

L-1 treatments, especially the latter, might be that the microalgae size was lower than the optimal 449 

to feed rotifers.   450 

Rotifers fed on enriched microalgae with 10 and 5 mg L-1 minerals have a larger size than the 451 

control group. This might be due to their inability to lay eggs, confirmed by the lower egg number 452 

and egg ratio than the other groups on the same days of culture (see Fig 6). Similar results were 453 

found by Penglase et al (2013) in enriched rotifers with 67.5 mg Se-yeast that have a larger size 454 

and slower motion.  455 

Rotifer population density decreased in the 4, 5, and 10 mg L-1 treatments compared to the 456 

control group during the 4 days of culture. Considering that 10 mg L-1 treatment was the worst in 457 

terms of rotifer growth (population density, egg number, egg ratio, SGR and Nmax), and despite the 458 

highest amount of Zn in the rotifers, it cannot be recommended for marine fish aquaculture. Similar 459 

negative effects of high Se levels on rotifer population growth were already obtained by other 460 

authors (Penglase et al. 2011, Ponce et al., 2018) using rotifer fed on Se-yeast. The 4 mg L-1 461 

treatment produced the highest amount of zinc (78.93 ± 0.19 µg g-1 DW) and showed the third-462 



highest level of Se (116.38 ± 5.61 µg g-1 DW), but the population density, Nmax and SGR were 463 

lower than those of the control group. The number of eggs was also lower than the egg number in 464 

the reproductive peak of the control group, as well as the egg ratio (0.11-0.42) and the time needed 465 

to double the rotifer population. For these reasons, 4 mg L-1 cannot be selected as the best 466 

treatment. On the other hand, 2 mg L-1 was the best group in terms of growth (population density, 467 

egg number, egg ratio, SGR, Nmax and DT), contained the second highest level of Zn (69.26 ± 0.60 468 

µg g-1 DW) and the amount of Se was 103.45 ± 4.99 µg g-1 DW. According to published results 469 

(Penglase et al. 2011, Sun et al. 2020), the amount of Se that is non-toxic in rotifers is 22-113 µg 470 

g-1 DW, with the amount obtained using the 2 mg L-1 enrichment treatment being in this range. 471 

The highest specific growth rate (0.61 ± 0.03 day-1) was observed in the group fed with 2 mg L-1 472 

of minerals, which is equal to the population growth rate of the rotifer fed with 3.3 μg g-1 DW Se-473 

enriched C. vulgaris (Kim et al. 2014). 474 

The highest egg ratio (0.98) was observed in the 2 mg L-1 treatment at 24 h after feeding, which 475 

was higher than the control group on day 3. Similar egg ratios were found in rotifers enriched with 476 

Se-yeast and Oriculture (0.19-0.28 and 0.25-0.4, respectively) by Penglase et al. (2011) and Dhert 477 

et al. (2014). 478 

Minerals were added to the culture medium of microalgae at day 0, with the microalgae being 479 

harvested after 4 days before being used for rotifer feeding for a further 4-day period. Taking this 480 

into account, these minerals might be bound to proteins inside the algal cells and provided to 481 

rotifers in an organic form. On the other hand, the last feeding dose was given to rotifers 19 hours 482 

before harvest and Se-methionine might have been the Se form in the rotifer (Ponce et al. 2018). 483 

Enrichment of microalgae with Cu has been shown (Moreno-Garrido et al. 1999) to delay rotifer 484 

population density reaching its maximum by 1 or 2 days. In the present study, the use of 2 mg L-1 485 



of zinc sulfate and Na selenite in the microalgae culture medium accelerated the increase in rotifer 486 

population density. Therefore, it can be concluded that selecting the correct amounts and choosing 487 

the right combination of minerals for inclusion in each microalga can be beneficial both for rotifer 488 

enrichment and for larviculture of marine organisms. 489 

 490 

5. Conclusion  491 

The use of minerals (Zn and Se) added to the culture medium of microalgae increased the 492 

amounts of these minerals in microalgae and in higher trophic levels (i.e. rotifers). Although 5 and 493 

10 mg L-1 treatments increased microalgae cell density, the cells become smaller and with a pale 494 

color. Two and 4 mg L-1 treatments might be a better option for microalgae enrichment taking into 495 

account that they reached their maximum cell density earlier without showing any sign of stress. 496 

Each microalgae species has different capacities for mineral uptake, being N. oculata a better 497 

option for mineral enrichment than I. galbana. The highest Se content was observed in rotifers fed 498 

microalgae enriched with 5 mg L-1. The highest Zn content was found in 4 and 10 mg L-1 rotifer 499 

treatments. However, rotifer density (and harvested quantities) along with enrichment with 500 

valuable nutrients are very important in aquaculture, and 2 mg L-1 treatment can be considered the 501 

best for rotifers. The best method for rotifer and microalgae enrichment in order to obtain the 502 

highest amount of minerals (Zn and Se) is short-term enrichment, although long-term enriched 503 

microalgae are safer, more cost-effective, and eco-friendly than short-term enriched ones, 504 

especially if they are going to be used for rotifer enrichment. Thus, hatchery managers can use 505 

rotifers cultured using long-term enriched microalgae to meet the mineral requirements of 506 

aquacultured fish larvae. 507 

 508 
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Fig. 1. Cellular density of Isochrysis galbana (A) and Nannochloropsis oculata (B) (Cells mL-1) cultured with 

different concentrations of mixed zinc (zinc sulfate) and selenium (sodium selenite) during 4 days. The numbers 

2, 4, 5 and 10 indicate the amount of zinc sulfate and sodium selenite as mg L-1 in the culture media. 



 

Fig. 2. Cell size of Isochrysis galbana and Nannochloropsis oculata cultured with different concentrations of 

mixed zinc sulfate (Zn) and sodium selenite (Se). The numbers 2, 4, 5 and 10 indicate the amount of zinc sulfate 

and sodium selenite as mg L-1 in the culture medium. Different letters indicate significant differences (ANOVA 

P<0.05) 
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Fig. 3. Changes in Zinc (Zn, A) and Selenium (Se, B) content in Isochrysis galbana and Nannochloropsis 

oculata cells cultured with different concentration of mixed zinc sulfate (Zn) and sodium selenite (Se). Different 

letters indicate significant differences (ANOVA P<0.05) 
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Fig. 4. Population density of rotifers (ind/mL) fed with long-term enriched microalgae (0, 2, 4, 5 and 10 mg L-

1 of ZnSO4.7H2O and Na2SeO3) (mean± SD, n=3). Different letters indicate significant differences (ANOVA, 

P<0.05) 

 

 

Fig. 5. Eggs produced (number per day) by rotifers fed with long-term enriched microalgae (0, 2, 4, 5 and 10 mg 

L-1 of ZnSO4.7H2O and Na2SeO3) (mean± SD, n=3). Different letters indicate significant differences (ANOVA, 

P<0.05) 
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Fig. 6. Egg ratio of rotifers fed with long-term enriched microalgae (0, 2, 4, 5 and 10 mg L-1 of ZnSO4.7H2O and 

Na2SeO3) (mean± SD, n=3). Different letters indicate significant differences (ANOVA, P<0.05) 
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Fig. 7. Changes of A: Zinc (Zn) and B: Selenium (Se) content in rotifers fed with long-term enriched 

microalgae (0, 2, 4, 5 and 10 mg L-1 of ZnSO4.7H2O and Na2SeO3). Different letters indicate significant 

differences (ANOVA; P<0.05) 
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Table 1: Dry weight of non-enriched and Zn + Se-enriched microalgae (g L-1) (Mean ± SD). 

 

Microalgae Treatment Dry weight (g L-1) 

 

Nannochloropsis 

oculata 

0 Zn mg L-1 + 0 Se mg L-1 0.44 ± 0.01a 

2 Zn mg L-1 + 2 Se mg L-1 0.44 ±  0.02a 

4 Zn mg L-1 + 4 Se mg L-1 0.46 ±  0.02a 

5 Zn mg L-1 + 5 Se mg L-1 0.48 ± 0.01a 

10 Zn mg L-1 + 10 Se mg L-1 0.28 ± 0.01b 

 

Isochrysis 

galbana 

0 Zn mg L-1 + 0 Se mg L-1 0.50 ± 0.03a 

2 Zn mg L-1 + 2 Se mg L-1 0.52 ± 0.02a 

4 Zn mg L-1 + 4 Se mg L-1 0.54 ± 0.02a 

5 Zn mg L-1 + 5 Se mg L-1 0.62 ± 0.01a 

10 Zn mg L-1 + 10 Se mg L-1 0.24 ± 0.02b 

 

 

Table 2: Specific growth rate (SGR), Nmax and doubling time (DT) (Mean ± SD) of rotifers fed 

on long-term enriched microalgae for 4 days. 

 

Experimental groups 
Nmax (ind mL-1) DT (days) SGR (day-1) 

0 Zn mg L-1 + 0 Se mg L-1 367 ± 29.3b 1.39 ± 0.059bc 0.50 ± 0.020ab 

2 Zn mg L-1 + 2 Se mg L-1 584 ± 62.0a 1.13 ± 0.047c 0.614 ± 0.026a 

4 Zn mg L-1 + 4 Se mg L-1 325 ± 43.8c 1.49 ± 0.105b 0.467 ± 0.033b 

5 Zn mg L-1 + 5 Se mg L-1 230 ± 54.6d 1.87 ± 0.316a 0.377 ± 0.061c 

10 Zn mg L-1 + 10 Se mg L-1 42.3 ± 11.5e - -0.048 ± 0.069d 
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