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ABSTRACT  20 

Four different omega-3 rich autotrophic microalgae, Phaeodactylum tricornutum, 21 

Nannochloropsis oculata, Isochrysis galbana and Chlorella fusca, were supplemented  to the 22 

diet of laying hens in order to increase the level of omega-3 long-chain polyunsaturated fatty 23 

acids (n-3 LC-PUFA) in egg yolk. The microalgae were supplemented in two doses: 125 mg 24 

and 250 mg extra n-3 PUFA per 100 g feed. Supplementing these microalgae resulted in 25 

increased but different n-3 LC-PUFA levels in egg yolk, mainly docosahexaenoic acid 26 

enrichment. Only supplementation of Chlorella gave rise to mainly α-linolenic acid 27 

enrichment. The highest efficiency of n-3 LC-PUFA enrichment was obtained by 28 

supplementation of  Phaeodactylum and Isochrysis. Furthermore, yolk color shifted from 29 

yellow to a more intense red color with supplementation of Phaeodactylum, Nannochloropsis 30 

and Isochrysis, due to transfer of carotenoids from microalgae to eggs. 31 

This study shows that besides Nannochloropsis other microalgae offer an alternative to 32 

current sources for enrichment of hen eggs. 33 
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1. Introduction 44 

Health benefits associated with omega-3 fatty acids are generally accepted. However, it is less 45 

known that omega-3 polyunsaturated fatty acids (n-3 PUFA) can be divided in short and 46 

medium chain (≤ C18) PUFA, such as α-linolenic acid (ALA, C18:3 n-3) and stearidonic acid 47 

(SDA, C18:4 n-3), and long chain (LC,  ≥ C20) PUFA, such as eicosapentaenoic acid (EPA, 48 

C20:5 n-3), docosapentaenoic acid (DPA, C22:5 n-3) and docosahexaenoic acid (DHA, C22:6 49 

n-3) and that the health benefits are related to the n-3 LC-PUFA, EPA and DHA, rather than 50 

to ALA (Trautwein, 2001). The link between n-3 LC-PUFA and the reduction and prevention 51 

of several cardiovascular diseases is well-documented (Trautwein, 2001; Gogus & Smith, 52 

2010). Moreover, n-3 LC-PUFA also play an important role in the prevention and treatment 53 

of several chronic diseases, such as neurological disorders, cancer, obesity, inflammatory 54 

diseases and diabetes mellitus. Furthermore, maternal intake of n-3 LC-PUFA lowers the risk 55 

of preterm birth and low birth weight. Finally, especially DHA is critical to fetal growth and 56 

development of visual and cognitive functions in fetus and children (Gogus et al., 2010).  57 

The recommended daily intake of n-3 LC-PUFA by several governments and health 58 

organizations is ranging from 140 to 667 mg/day (Kris-Etherton, Grieger & Etherton, 2009; 59 

Molendi-Coste, Legry & Leclercq, 2011). However, intake of 250 mg n-3 LC-PUFA per day 60 

already provides primary protection against cardiovascular diseases (Kris-Etherton et al., 61 

2009). Inhabitants of only a few countries worldwide including Japan, Korea, the Philippines, 62 

Finland, Iceland, Norway and Sweden reach the intake of 250 mg n-3 LC-PUFA per day. The 63 

intake in all other countries is below 250 mg n-3 LC-PUFA per day (Sioen, De Henauw, Van 64 

Camp, Volatier & Leblanc, 2009). Hence, a growing interest to enrich food products with n-3 65 

LC-PUFA has emerged. Enrichment of eggs is a potential way to increase the n-3 LC-PUFA 66 

content in our diet. The level and type of PUFA in the egg yolk can be modified by the feed of 67 



5 

 

the laying hens, whereas the saturated and monounsaturated fatty acids in egg yolk are hardly 68 

affected by the feed (Baucells, Crespo, Barroeta, López-Ferrer & Grashorn, 2000). A lot of 69 

research has been carried out in order to increase the n-3 PUFA level in eggs by dietary 70 

supplementation of n-3 PUFA rich sources to the diet of laying hens. Flaxseed, as source of 71 

ALA, gives mainly rise to enrichment of ALA in the egg yolk. However, also a slight increase 72 

in EPA and DHA is observed. This can be explained by the quite inefficient conversion of 73 

ALA to EPA and DHA in laying hens (Fraeye, Bruneel, Lemahieu, Buyse, Muylaert & 74 

Foubert, 2012). A second source of n-3 LC-PUFA that can be supplemented to the hens’ feed 75 

is fish oil, rich in EPA and/or DHA. It provides an enrichment of EPA and especially DHA in 76 

egg yolk (Van Elswyk, 1997). However, the declining fish stocks, the presence of pollutants 77 

such as heavy metals and PCBs in fish, and the off-flavours detected in eggs when more than 78 

1.5% fish oil is supplemented, implies that alternative sources of n-3 LC-PUFA must be 79 

found (Fraeye et al., 2012). Microalgae can be promising, as the n-3 PUFA found in fish are 80 

originating from microalgae. Mainly heterotrophic microalgae, rich in DHA and obtained by 81 

fermentation processes, have been supplemented to laying hens’ feed (Fraeye et al., 2012). 82 

The enrichment of n-3 LC-PUFA in the egg yolk is very similar to the enrichment observed 83 

when fish oil is supplemented: their DHA content is markedly increased (Rizzi, Bochicchio, 84 

Bargellini, Parazza & Simioli, 2009). Only a few studies have been performed using 85 

autotrophic microalgae, which produce organic compounds by using CO2 and sunlight. To the 86 

best of our knowledge, only the species Nannochloropsis has been supplemented to laying 87 

hens’ feed to raise the level of n-3 LC-PUFA in the egg yolk (Nitsan, Mokady & Sukenik, 88 

1999; Fredriksson, Elwinger & Pickova, 2006; Bruneel et al., 2013). Nannochloropsis has an 89 

interesting fatty acid composition, since it contains EPA as the sole n-3 LC-PUFA. When 90 

Nannochloropsis is added to hens’ feed, the level of DHA in eggs significantly increased. It 91 

seems that microalgal EPA is first converted to DHA before it is stored in the egg yolk 92 



6 

 

(Nitsan et al., 1999; Fredriksson et al., 2006; Fraeye et al., 2012; Bruneel et al., 2013). Not 93 

only the fatty acid profile changed considerably, also the redness of the egg yolk increased by 94 

feed supplementation with Nannochloropsis. This can be explained by transfer of carotenoids 95 

from microalgae to the egg yolk (Nitsan et al., 1999; Fredriksson et al., 2006; Fraeye et al., 96 

2012). Other microalgae, like Chlorella and Porphyridium, also gave rise to a transfer of 97 

carotenoids from the microalgae to the egg yolk. Especially upon supplementation with the 98 

red alga Porphyridium, a significantly darker yellow egg yolk color was observed (Gouveia, 99 

Veloso, Reis, Fernandes, Novai & Empis, 1996; Ginzberg, Cohen, Sod-Moriah, Shany, 100 

Rosenshtrauch & Arad, 2000). 101 

However, next to Nannochloropsis, Ryckebosch, Bruneel, Muylaert & Foubert (2012b) 102 

suggested other autotrophic microalgae as an alternative n-3 LC-PUFA source based on total 103 

lipid content, n-3 LC-PUFA content, and ease of cultivation. They reported Phaeodactylum, 104 

next to Nannochloropsis, as the most promising EPA source, and Isochrysis as the most 105 

promising DHA source. To that end, the objective of this study was to investigate the 106 

influence of using other autotrophic microalgae species for n-3 LC-PUFA enrichment in eggs 107 

of laying hens. Four different autotrophic microalgae were selected for supplementation to the 108 

laying hens’ feed: Phaeodactylum tricornutum, Isochrysis galbana and Nannochloropsis 109 

oculata because of their high n-3 LC-PUFA content and Chlorella fusca because of its high 110 

ALA content. The four autotrophic microalgae were supplemented in two different 111 

concentrations to the laying hens’ feed. The fatty acid profile, the carotenoid and sterol 112 

content, and the color of egg yolk were measured.  113 
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2. Materials and methods 114 

All the chemicals used were at least of analytical grade or high-performance liquid 115 

chromatography (HPLC) grade and purchased from Sigma-Aldrich (Bornem, Belgium), 116 

unless specified otherwise. 117 

2.1. Microalgal biomass 118 

The following four n-3 PUFA rich microalgae, which were commercially available in high 119 

quantities, were selected for this study: Phaeodactylum tricornutum (freeze dried biomass, 120 

SBAE, Belgium), Nannochloropsis oculata (freeze dried biomass, SBAE, Belgium), 121 

Isochrysis galbana (freeze dried biomass, Algaenergy, Spain) and Chlorella fusca (drum 122 

dried biomass, Ingrepro, The Netherlands).   123 

The proximate composition (total lipids, n-3 PUFA, carotenoids and sterols) of the selected 124 

microalgae was determined (in triplicate) and expressed on dry matter (DM) biomass. The 125 

moisture content of all microalgae was determined by drying 0.5 g microalgal biomass at 126 

103°C till constant weight was achieved (24 hours) (Wrolstad et al., 2005). The total lipids 127 

were extracted from the microalgae according to the method described by Ryckebosch, 128 

Muylaert & Foubert (2012a). At the start of the extraction, an internal standard (C20:0; Nu-129 

check, Elysian, USA) was added to calculate the level of n-3 LC-PUFA in g per 100 g DM 130 

biomass. After gravimetric determination of the total lipid content, methylation was 131 

performed, as described by Ryckebosch et al. (2012a), to form fatty acid methyl esters 132 

(FAMEs). These FAMEs were separated by gas chromatography (GC) with cold on-column 133 

injection and flame ionization detection (FID) (Trace GC Ultra, Thermo Scientific, 134 

Interscience, Louvain-la-Neuve, Belgium) using an EC Wax column (length: 30m, ID 135 

0.32mm, film: 0.25µm) (Grace, Lokeren, Belgium). The used time-temperature program was: 136 
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70 °C – 180 °C (5 °C/min), 180 °C – 235 °C (2 °C/min), 235 °C (9.5 min). Fatty acid 137 

identification was performed using standards containing a total of 35 different FAMEs (Nu-138 

check). Peak areas were quantified with Chromcard for Windows software (Interscience). 139 

The carotenoid composition was determined by dissolving 2 mg of the total lipid extract in 140 

10 mL methanol. This solution and the dilution 1/10 were analyzed by high performance 141 

liquid chromatography (HPLC) with a photodiode array detector (PAD) (Alliance, Waters, 142 

Zellik, Belgium) as described by Wright et al. (1991). Calibration curves were composed for 143 

alloxanthin, diadinoxanthin, diatoxanthin, lutein, neoxanthin, violaxanthin, zeaxanthin (all 144 

DHI, Hørsholm, Denmark), fucoxanthin and β-carotene to express the results as µg/g DM 145 

biomass.  146 

For determination of the sterol composition of the algal biomass, first an internal standard, 147 

5β-cholestan-3α-ol, 200 µg), was added to the microalgal biomass (40 mg) and used to 148 

quantify the level of sterols in microalgae. Saponification was performed according to Abidi 149 

(2004), with some slight modifications. Saponification of the algal biomass was performed by 150 

overnight stirring with potassium hydroxide in ethanol (1 M, 4 mL) (VWR International, 151 

Leuven, Belgium). Then, water (4 mL) was added to the reaction mixture followed by three 152 

sequential extractions with hexane (8 mL) (Boom, Meppel, The Netherlands). The hexane 153 

extracts were combined and the solvent was removed by rotary evaporation at 40 °C. The 154 

sterol components were silylated, as described in Toivo, Lampi, Aalto, & Piironen, (2000). 155 

Anhydrous pyridine (200 µL) and derivatisation reagent (200 µL) containing 156 

bis(trimethylsilyl)trifluoroacetamide (BSTFA) (99%) and trimethylchlorosilane (TMCS) (1%) 157 

were added to the nonsaponifiable fraction. The solutions were incubated at 60 °C for 1 hour 158 

to complete the silylation. After incubation, the solutions were cooled to room temperature 159 

and diluted with 600 µL hexane. The silylated sterols were separated by GC with on-column 160 
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injection and FID. An Rtx-5 column (length 30 m, ID 0.25 mm, film 0.25 µm) (Restek, 161 

Interscience) was used with the following time-temperature program: 200-340 °C (15 162 

°C/min), 340 °C (10 min). Peak areas were quantified with Chromcard for Windows software 163 

(Interscience).  164 

2.2. Animals, housing and diets 165 

Seventy-two ISA Brown laying hens (‘t Munckenei, Wingene, Belgium) of 29 weeks of age, 166 

were housed in battery cages (two hens/cage) maintained in an environmentally controlled 167 

room where temperature was set to 20 °C. The hens received 16 hours light per day. Feed and 168 

water were supplied ad libitum. The experimental trial lasted 42 days: 14 days of adaptation 169 

and 28 days of supplementation with microalgae. During the adaptation period, the hens could 170 

adapt to the new environmental conditions and the new commercially available control diet 171 

(Legmeel Total 277, AVEVE, Wilsele, Belgium). After the adaptation period, the hens were 172 

randomly assigned to one of the nine treatment diets (n = 8 hens per treatment diet): a control 173 

diet, without supplementation of microalgae, and the other eight diets were supplemented 174 

with one of the four microalgae (Phaeodactylum triconutum, Nannochloropsis oculata, 175 

Isochrysis galbana or Chlorella fusca) in two different doses. The amount of each 176 

supplemented microalgae was calculated as to obtain two levels of extra microalgal 177 

ALA+EPA+DHA being 125 mg and 250 mg per 100 g feed. To achieve these concentrations, 178 

the added levels of microalgae varied between 2.5% and 8.6%.  179 

2.3. Zootechnical performance of laying hens 180 

Feed intake, egg production, mortality and morbidity were registered on a daily basis and this 181 

during the entire trial of 42 days. Moreover, the body weight of the laying hens was 182 
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determined at the start (day 0) and at the end (day 28) of the supplementation period with 183 

microalgae.  184 

2.4. Sample collection and storage of eggs 185 

Eggs were collected daily and stored at -20 °C until further analyses. The eggs at the end of 186 

the supplementation period were analyzed for several egg quality parameters as described in 187 

2.5. Furthermore, the total lipid content of those eggs and the content and composition of n-3 188 

PUFA, carotenoids and sterols were determined in triplicate, as described in 2.6, 2.7 and 2.8. 189 

To calculate the enrichment of n-3 LC-PUFA in eggs by dietary supplementation of 190 

microalgae, the fatty acid profile of the eggs at the start (day 0) of the supplementation period 191 

was also analyzed.  192 

2.5. Egg quality parameters 193 

At the end of the supplementation period several quality parameters of the eggs were 194 

determined. First of all, the total egg weight, the shell weight, the albumen weight and the 195 

yolk weight were determined. Secondly, the quality of the shell was determined by observing 196 

the shell thickness and shell strength and by detecting the cracks. The shell thickness was 197 

measured by a micrometer, whereas the shell strength and cracks were determined by the 198 

acoustic egg tester (InDuct, Leuven, Belgium) (De Ketelaere, Coucke & De Baerdemaeker, 199 

2000). The final egg quality parameter was the color of the egg yolk which was measured by 200 

using the Hoffman-La Roche color scale (range 1 – 15; DSM, Basel, Switzerland) on the one 201 

hand and the Minolta colorimeter (CR 300, Konica Minolta, Zaventem, Belgium) on the other 202 

hand (Bruneel et al., 2013). 203 

2.6. Total lipid content and fatty acid profile of eggs 204 
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The total lipids from all egg yolks obtained at the start and the end of the supplementation 205 

period were extracted according to the method described by Bruneel et al. (2013), with slight 206 

modifications. Briefly, an internal standard (C20:0, Nu-check) was added to the yolk sample 207 

(200-250 mg) and after addition of methanol (4.5 mL), the yolk sample was homogenized (30 208 

sec, 8000 rpm), using a CAT X620 homogenizer (VWR International). Subsequently 209 

chloroform (9 mL) (Boom) was added and the mixture was again homogenized (60 sec, 8000 210 

rpm). After homogenization, the mixture was centrifuged (10 min, 2800 g) (Thermo 211 

Scientific, Aalst, Belgium). The supernatant was removed and the remaining lipids in the 212 

residue were re-extracted with chloroform:methanol (2:1, v/v, 12 mL). After homogenization 213 

(60 sec, 8000 rpm) and centrifugation, the supernatant was removed and combined with the 214 

earlier obtained supernatant. The combined chloroform:methanol extracts were washed with 215 

KCl (0.88%, 6.2 mL) and after centrifugation, the bottom layer was filtered over anhydrous 216 

sodium sulphate (VWR international). The solvents were removed by rotary evaporation 217 

(Buchi Qlab, Vilvoorde, Belgium). After gravimetric determination of the total lipid content, 218 

the lipids were redissolved in chloroform:methanol (2:1, v/v, 2 mL) for further analysis.  219 

To determine the fatty acid profile, the lipids were methylated as described by Ryckebosch et 220 

al. (2012a). The separation and quantification of the FAMEs by GC analysis was the same as 221 

described for the microalgae in 2.1.  222 

2.7. Carotenoid composition in eggs 223 

To determine the carotenoid composition of the egg yolks obtained at the end of the 224 

supplementation period, 1 mL of the lipid extract, obtained in 2.6, was dried under nitrogen 225 

and redissolved in 1 mL methanol in the presence of butylated hydroxytoluene (0.1%). The 226 

carotenoids were determined by HPLC as described in 2.1. The results were expressed as 227 

µg/egg.  228 
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2.8. Sterol composition in eggs 229 

The sterol content in the egg yolks obtained at the end of the supplementation period was 230 

determined by direct saponification of egg yolk. Van Elswyk, Schake & Hargis (1991) 231 

showed that direct saponification gave rise to a higher cholesterol content than saponification 232 

after lipid extraction. Saponification was performed according to Van Elswyk et al. (1991), 233 

with slight modifications. Briefly, egg yolk (200 mg) was mixed with 50% KOH in water (1.6 234 

mL), ethanol (8 mL) (VWR International) and an internal standard (5β-cholestan-3α-ol, 500 235 

µL, 2 mg/mL) using a CAT X620 homogenizer (8000 rpm). The mixture was kept for 1 hour 236 

at 60 °C. After cooling to room temperature, 8 mL water was added and the sterols were 237 

obtained after three sequential extractions with hexane (12 mL). The combined hexane 238 

extracts were filtered (Whatmann filter papers, grade 1) over anhydrous sodium sulphate. The 239 

solvent was evaporated using a rotary evaporator at 40 C. The nonsaponifiable fraction was 240 

redissolved in ethanol:hexane (2:3 v/v, 2 ml) and sterol components of this fraction (40 µL) 241 

were silylated according to the method described in 2.1. The silylated sterols were separated 242 

in cholesterol and phytosterols by GC using standards as described in 2.1.  243 

2.9. Statistical analysis 244 

Results were statistically evaluated by two-way analysis of variance (ANOVA) and a post-245 

hoc Tukey’s test with α= 0.05 (Sigmaplot 11, Systat Software, Inc., Illinois, USA). 246 
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3. Results and discussion 247 

3.1. Proximate composition of n-3 PUFA rich autotrophic microalgae 248 

The composition (total lipids, n-3 PUFA, carotenoids, and sterols) of Phaeodactylum, 249 

Nannochloropsis, Isochrysis and Chlorella biomass is summarized in Table 1. 250 

Isochrysis contained the highest lipid content (31.6%, expressed as g/100 g DM biomass), 251 

followed by Nannochloropsis (25.1%) and Phaeodactylum (24.1%). The lowest lipid content 252 

was measured in Chlorella (14.7%). Furthermore, they all contained a different n-3 PUFA 253 

profile. Chlorella mainly contained ALA (2.8 g/ 100 g biomass) and could thus function as an 254 

alternative for flaxseed. Nannochloropsis mainly contained EPA (4.0 g/ 100 g biomass), 255 

whereas Phaeodactylum and Isochrysis contained next to EPA (2.8 g and 3.5 g per 100 g 256 

biomass, respectively) also DHA (0.3 g and 0.8 g per 100 g biomass, respectively). Next to 257 

EPA and DHA, Isochrysis also contained a significant level of SDA (1.1 g/ 100 g biomass), 258 

which was hardly observed in the other microalgae.  259 

Due to the photosynthetic pathway, autotrophic microalgae are also rich in pigments, such as 260 

chlorophylls and carotenoids. Table 1 shows that Phaeodactylum and Isochrysis mainly 261 

contained fucoxanthin and, to a lesser extent, beta-carotene (135.1 µg and 106.7 µg/ g DM, 262 

respectively). However, the fucoxanthin content in Isochrysis (1464.0 µg/ g DM) was three 263 

times lower than that measured in Phaeodactylum (4381.8 µg/ g DM). Nannochloropsis 264 

mainly contained violaxanthin (2286.8 µg/ g DM), and a four to five times higher amount of 265 

beta-carotene (581.3 µg/ g DM) in comparison with Phaeodactylum and Isochrysis. In the 266 

microalga Chlorella, only a low level of carotenoids was measured. It contained no beta-267 

carotene or fucoxanthin, only lutein (97.7 µg/ g DM), neoxanthin (39.4 µg/ g DM) and 268 

violaxanthin (21.6 µg/ g DM). 269 
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The sterols of microalgae can be divided into two groups: cholesterol and phytosterols. A low 270 

level of cholesterol was detected in Nannochloropsis (2.6 mg/ g DM) and Isochrysis (1.1 mg/ 271 

g DM). All four microalgae contained phytosterols varying in amount between 1.1 and 13.5 272 

mg per g DM biomass (Table 1). The highest level of phytosterols was measured in 273 

Isochrysis.  274 

3.2. Zootechnical performance of laying hens 275 

The average daily feed intake, egg production, mortality and morbidity were not significantly 276 

affected by supplementation of microalgae to the laying hens (detailed results not shown). 277 

The body weight of the laying hens remained constant, except for hens supplemented with 278 

Nannochloropsis (in both doses), which displayed a slight significant decrease (< 5%) in body 279 

weight. This is in contrast with the results of Bruneel et al. (2013) who also supplemented 280 

Nannochloropsis to the laying hens’ feed, in two doses (5% and 10% Nannochloropsis) and 281 

observed no significant impact on the zootechnical parameters, also not on the body weight. 282 

The reason for this discrepancy is not clear but it should be taken into account that we only 283 

used 8 hens per dietary treatment as the focus was on enrichment of microalgal components in 284 

eggs.  285 

3.3. Egg parameters 286 

The egg parameters, such as total egg weight, shell weight, albumen weight, yolk weight and 287 

shell quality were not significantly affected by supplementation of different microalgae in 288 

different doses to the laying hens (Table 2).  289 

3.4. Enrichment of egg yolk 290 

3.4.1. N-3 PUFA enrichment  291 
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Figure 1 shows the level of the omega-3 fatty acids ALA, EPA, DPA and DHA in eggs 292 

obtained at the end of the microalgal supplementation period. It should be mentioned that 293 

SDA, although present in Isochrysis, was not present in the egg yolks. 294 

A significant increase of ALA in egg yolk was observed when Chlorella, source of ALA, was 295 

supplemented to the laying hens’ feed, compared with the ALA content in eggs of the control 296 

group. Supplementation of hens with the other three selected microalgae, rich in EPA and/or 297 

DHA, did not significantly influence the level of ALA in eggs. Similar results were observed 298 

for fish oil, which is also rich in EPA and DHA (García-Rebollar, Cachaldora, Alvarez, De 299 

Blas & Méndez, 2008). The EPA content in the egg yolks increased significantly when hens 300 

were fed with Phaeodactylum, Nannochloropsis and Isochrysis, whereas EPA was not 301 

detected in eggs of hens fed Chlorella. It should also be noted that an extra omega-3 fatty acid 302 

(DPA) was detected in all microalgal enriched eggs, compared to the control group. DPA is 303 

an intermediate in the conversion process of EPA to DHA. This may indicate that not only the 304 

conversion of ALA to n-3 LC-PUFA is a rate limiting step, but also the conversion of EPA to 305 

DHA. Cachaldora, Garía-Rebollar, Alvarez, De Blas & Méndez (2006) supplemented fish oil, 306 

with a high amount of EPA, to the laying hens’ feed and also observed a significant increase 307 

in the DPA content in the egg yolk.  The most striking increase of n-3 PUFA in egg yolk was 308 

observed for DHA. The highest enrichment of DHA was obtained by supplementation with 309 

Phaeodactylum and Isochrysis, followed by Nannochloropsis, whereas the lowest DHA 310 

enrichment was observed for supplementation with Chlorella. Since DHA, rather than EPA, 311 

was preferentially incorporated into the egg yolk lipids, it seems that microalgal n-3 PUFA 312 

are first converted to DHA, before being deposited in egg yolk lipids. This was also observed 313 

by Nitsan et al. (1999), Fredriksson et al. (2006) and Bruneel et al. (2013) for the microalga 314 

Nannochloropsis. 315 
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In Table 3, the total n-3 LC-PUFA (EPA+DPA+DHA) enrichment of eggs for the four 316 

different microalgae used, in two doses, is shown. The enrichment of the n-3 LC-PUFA was 317 

calculated from the n-3 LC-PUFA content in eggs obtained at the end of the supplementation 318 

period minus the n-3 LC-PUFA content at the start of the supplementation period, for the 319 

respective groups. Furthermore, the conversion factors were calculated to determine the 320 

efficiency of the n-3 LC-PUFA incorporation in the egg yolk (Table 3). The conversion 321 

factors were obtained by taking the ratio of the enrichment of n-3 LC-PUFA 322 

(EPA+DPA+DHA) in the egg yolk to the supplemented n-3 PUFA in the feed and multiplied 323 

by 100. The total amount of supplemented n-3 PUFA/100 g feed was corrected for the mean 324 

feed intake of the respective groups. For supplementation with Phaeodactylum, Isochrysis and 325 

Chlorella, also the SDA content was taken into account. SDA could also be converted to n-3 326 

LC-PUFA, but was not taken into consideration for the experimental design. 327 

The enrichment of n-3 LC-PUFA by supplementation with Nannochloropsis was significantly 328 

lower in comparison with Phaeodactylum and Isochrysis (Table 3), while the same doses of 329 

microalgal ALA+EPA+DHA were supplemented. The highest enrichment efficiencies (± 330 

42%) were obtained by supplementation of Phaeodactylum and Isochrysis in the lowest dose. 331 

The efficiency of the n-3 LC-PUFA deposition in the egg yolk by supplementation with 332 

Nannochloropsis was rather low, approximately 20%. This corresponds to the results obtained 333 

by Bruneel et al. (2013), who supplemented Nannochloropsis in two doses, 5% (76 mg 334 

ALA+EPA+DHA per 100 g feed) and 10% (152 mg ALA+EPA+DHA per 100 g feed), and 335 

observed an efficiency of 25% and 20% for the two doses respectively. Two possible 336 

explanations may exist for the lower enrichment observed with Nannochloropsis. First of all, 337 

Phaeodactylum and Isochrysis contain a certain amount of DHA, which can be incorporated 338 

into the egg yolk without any conversion steps. Nannochloropsis on the other hand, contains 339 
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only EPA. As already mentioned, EPA has to be converted first to DHA before it is stored in 340 

the yolk. So, the need for a conversion from  EPA to DHA can cause a lower enrichment in 341 

the egg yolk. Cachaldora et al. (2006) supplemented fish oils with different EPA/DHA ratios 342 

to the laying hens’ feed. They observed the highest n-3 LC-PUFA enrichment with 343 

supplementation of fish oil with the lowest EPA/DHA ratio, so with mainly DHA. This 344 

indicates that the EPA/DHA ratio can play a role in the n-3 LC-PUFA enrichment in the yolk. 345 

The second explanation for the lower enrichment with Nannochloropsis could be the reduced 346 

digestibility of the cell wall. Nannochloropsis produces an aliphatic, non-hydrolysable 347 

biopolymer, algaenan, which can prevent enzymatic degradation of the cell wall by the hen 348 

(Gelin, Volkman, Largeau, Derenne, Sinninghe Damsté & De Leeuw, 1999). Another 349 

explanation for the lower enrichment by supplementation with Nannochloropsis could also be 350 

a combination of the conversion of EPA to DHA and the reduced digestibility of the cell wall. 351 

The lowest total enrichment of n-3 LC-PUFA was observed by supplementation with 352 

Chlorella (Table 3). Only an n-3 LC-PUFA enrichment efficiency of approximately 10% was 353 

observed. Chlorella only contained ALA and, in contrast to the other microalgae, especially 354 

ALA enrichment was observed in the egg yolk (Figure 1). Several studies already mentioned 355 

that the conversion of ALA to EPA and DHA in the hen is rather limited (Aymond & Van 356 

Elswyk, 1995; Van Elswyk, 1997). This can presumably explain the rather low enrichment of 357 

n-3 LC-PUFA. Addition of flaxseed to the laying hens’ feed also caused mainly ALA 358 

enrichment (Fraeye et al., 2012), which means that Chlorella could potentially serve as an 359 

alternative for flaxseed. 360 

The microalgae were supplemented in two doses, chosen as to obtain 125 and 250 mg extra 361 

ALA+EPA+DHA per 100 g feed. Doubling the supplemented dose of n-3 PUFA in the feed 362 

did not result in a much higher increase of the n-3 LC-PUFA content in the egg yolk (Table 363 
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3). Comparing the conversion factors for the different doses for the same microalgae, the 364 

conversion factor for the highest dose was much lower. Other studies also mentioned 365 

decreasing efficiency of retention of the dietary n-3 PUFA in the yolk with increasing dietary 366 

concentration (Cachaldora, García-Rebollar, Alvarez, De Blas & Méndez, 2008; Bruneel et 367 

al., 2013). This indicates that the optimal supplementation dose of the microalgae is 368 

presumably below 250 mg ALA+EPA+DHA per 100 g feed.  369 

3.4.2. Yolk color and carotenoid enrichment 370 

Table 4 summarizes the color values (Roche value and CIELAB value) of the egg yolks 371 

obtained at the end of the supplementation period. Generally, supplementation of microalgae 372 

to the laying hens’ feed gave rise to a significantly increased Roche value, except for 373 

supplementation with Chlorella. An increased Roche value corresponds with an increased a* 374 

value, which is a measure for the redness of egg yolk, whereas the L* value and b* value 375 

decreased or remained more or less the same. Figure 2 shows the carotenoid content of the 376 

enriched egg yolks using four different microalgae in two doses compared to control eggs. 377 

The most striking result on yolk color was obtained when hens were fed Phaeodactylum. Feed 378 

supplementation with graded levels of Phaeodactylum (0.125% and 0.250%) increased the 379 

Roche value and a* value, whereas the L* value and b* value decreased in comparison to the 380 

values of control eggs. A similar significant increase of the yolk redness was observed when 381 

Isochrysis was supplemented, especially in the highest dose. The increase of the a* value can 382 

presumably be explained by the relative high fucoxanthin content, which has a typical brown 383 

color, in these two microalgae (Table 1). However, Figure 2 shows that fucoxanthin 384 

derivatives, rather than fucoxanthin itself, were deposited into the egg yolk. This can be 385 

ascribed to enzymatic modifications of fucoxanthin occurring in the laying hens (Strand, 386 

Herstad & Liaaen-Jensen, 1998). Supplementation with Nannochloropsis resulted in only a 387 
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slight increase of the Roche and a* values. Similar results were reported by Nitsan et al. 388 

(1999), Fredriksson et al. (2006) and Bruneel et al. (2013), who also supplemented 389 

Nannochloropsis to the laying hens’ feed. Violaxanthin and β-carotene are present in the 390 

species Nannochloropsis (Table 1). However, these carotenoids were not detected in the egg 391 

yolk. It is generally recognized that β-carotene is hardly deposited in egg yolk because laying 392 

hens are able to efficiently convert β-carotene to vitamin A (Schlatterer & Breithaupt, 2006).  393 

In contrast to the results obtained for Phaeodactylum, Isochrysis and Nannochloropsis, the 394 

Roche value and the a* value remained constant when Chlorella was supplemented to the 395 

feed. Only a slight decrease of the a* value was observed for the highest supplementation 396 

dose of Chlorella. The measured carotenoid content in Chlorella was also much lower 397 

(Table 1), which can explain the limited enrichment of carotenoids in the egg yolk. Only 398 

microalgal lutein from Chlorella, was transferred to the egg yolk, which corroborates the 399 

findings of Gouveia et al. (1996). Lutein has a typical yellow color, which gave rise to a 400 

decrease of the yolk redness. 401 

The species and dose of the microalgae supplemented to the diet thus affect the yolk color, 402 

which can presumably be explained by transfer of carotenoids from microalgae to the egg 403 

yolk. Algal carotenoids are fat soluble and are deposited in the egg yolk in a similar way as 404 

the LC-PUFA (Nitsan et al., 1999). The transfer of carotenoids from the microalgae to the egg 405 

yolk provides an additional benefit for microalgal supplementation, next to the enrichment 406 

with n-3 LC-PUFA. The high carotenoid content in the egg yolk may protect lipids, especially 407 

LC-PUFA, against oxidation because of their antioxidant properties.  408 

Nowadays, carotenoids are usually supplemented to the laying hens’ feed to obtain the 409 

preferred yolk color, because animals do not have the ability to synthesize carotenoids by 410 

themselves (Gouveia et al., 1996). However, carotenoids are easily degraded by oxidation, so 411 
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encapsulation of the carotenoids is investigated to increase the stability (Gouveia et al., 1996). 412 

Supplementation of microalgae to the laying hens’ feed is a possible way of transferring 413 

carotenoids in an encapsulated form. But, it should certainly be taken into account that not 414 

always the desired yolk color was obtained, especially due to the enrichment of fucoxanthin 415 

derivatives. The desired yolk color for domestic use varies with the geographical location. In 416 

Belgium, deeply colored yolks with a definite orange tinge, corresponding with a Roche value 417 

of 12-13, are preferred (Gouveia et al., 1996). Enrichment of certain carotenoids however 418 

gave rise to higher Roche values, which could lead to a decreased consumers’ acceptability. 419 

3.4.3. Yolk sterol enrichment 420 

A negative connotation is linked to eggs, and especially the egg yolks, because of the 421 

presence of cholesterol (200 - 300 mg/ egg) (Spence, Jenkins & Davignon, 2010). As 422 

microalgae contain significant levels of health beneficial phytosterols (Table 1), which may 423 

on the one hand also be transferred to egg yolk in a similar way as n-3 LC-PUFA and 424 

carotenoids and may on the other hand decrease the amount of cholesterol in the egg yolk, 425 

giving the cholesterol lowering properties of phytosterols (Mackay & Jones, 2011). 426 

Unfortunately, in this study no phytosterols were transferred from the microalgae to the egg 427 

yolk (results not shown). Only cholesterol was detected in the egg yolk and the amount 428 

remained more or less constant when microalgae were supplemented to hens (results not 429 

shown), even though some microalgae, Nannochloropsis and Isochrysis, contained a low level 430 

of cholesterol in their biomass (Table 1) and despite the presence of phytosterols in all the 431 

biomass. Research has already shown that reducing the cholesterol content in the egg yolk is 432 

rather impossible. The inability to markedly reduce the yolk cholesterol content is possibly 433 

due to natural selection pressures to maintain a certain level of cholesterol for the use by the 434 

developing embryo (Hargis, 1988).  435 
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4. Conclusion 436 

Four different microalgae, Phaeodactylum tricornutum, Nannochloropsis oculata, Isochrysis 437 

galbana and Chlorella fusca, were supplemented to the laying hens’ feed. All four microalgae 438 

gave rise to increased levels of n-3 LC-PUFA in the egg yolk. The highest enrichment of n-3 439 

LC-PUFA, mainly DHA, was achieved by supplementation of Phaeodactylum and Isochrysis, 440 

both rich in EPA and DHA. A lower enrichment was obtained by supplementation with 441 

Nannochloropsis, probably because of the hardly digestible cell wall and/or the necessary 442 

conversion of EPA to DHA. Chlorella gave rise to the lowest enrichment, presumably due to 443 

the quite inefficient conversion of ALA to DHA. Not only an enrichment of n-3 LC-PUFA 444 

was observed, also an increase of the carotenoid content was detected by supplementation of 445 

Phaeodactylum, Isochrysis and Nannochloropsis. This gave rise to an increased red color of 446 

the yolk. On the other hand, the sterol content of the egg yolk was hardly influenced.  447 

Thus, several omega-3 rich autotrophic microalgae offer an alternative to current sources of n-448 

3 LC-PUFA to increase the level of these fatty acids in the eggs. However, the carotenoid 449 

enrichment should be taken into account since the color shift of the egg yolk could decrease 450 

the consumers’ acceptability.   451 
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Figure Captions 551 

Figure 1: Level of omega-3 fatty acids ALA (A), EPA (B), DPA (C) and DHA (D) (in 552 

mg/egg; mean ± SD; n = 8) in eggs measured at the end of the supplementation period with 553 

four microalgae supplemented in 2 doses (125 mg and 250 mg microalgal ALA+EPA+DHA 554 

per 100 g feed, respectively 0.125% and 0.250%). Standard feed for laying hens served as 555 

control (dose: 0.000%). Results with the same letter for the same microalga species, in 556 

comparison with the control group, are not significant different (p < 0.05). Results with the 557 

same number for the same dose are not significant different (p < 0.05). 558 

 559 

Figure 2: Carotenoids in egg yolk [Fucoxanthin derivatives (A-B) – lutein (C) – zeaxanthin 560 

(D) – canthaxanthin (E); in µg/egg; mean ± SD; n = 8] obtained at the end of microalgal 561 

supplementation period with four microalgae supplemented in 2 doses (125 mg and 250 mg 562 

microalgal ALA+EPA+DHA per 100 g feed, respectively 0.125% and 0.250%). Standard 563 

feed for laying hens served as control (dose: 0.000%). Results with the same letter for the 564 

same microalga species, in comparison with the control group, are not significant different 565 

(p<0.05). Results with the same  number for the same dose are not significant different 566 

(p<0.05). 567 

 568 
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Table 1: Proximate composition of Phaeodactylum tricornutum, Nannochloropsis oculata, 569 

Isochrysis galbana and Chlorella fusca: the lipid content (in g/100 g DM; mean ± SD; n = 3), 570 

n-3 PUFA content (in g/100 g biomass; mean ± SD; n = 3), carotenoid content (in µg/g DM; 571 

mean ± SD; n = 3) and sterol content (in mg/g DM; mean ± SD; n = 3).  572 

  Phaeodactylum Nannochloropsis Isochrysis Chlorella 

Lipid  24.1 ± 2.8 25.1 ± 1.5 31.6 ± 1.4 14.7 ± 1.5 

n-3 PUFA  

    ALA 0.048 ± 0.009 0.022 ± 0.002  0.156 ± 0.006 2.750 ± 0.290 

    SDA 0.037 ± 0.043 - 1.135 ± 0.020 0.264 ± 0.038 

    EPA 2.755 ± 0.026 4.010 ± 0.178 3.520 ± 0.072 0.020 ± 0.028 

    DHA 0.306 ± 0.036 - 0.832 ± 0.018 - 

Carotenoids 

      β-carotene 135.1 ± 28.6 581.3 ± 161.8 106.7 ± 26.4 - 

    Fucoxanthin 4382.8 ± 124.1 - 1464.0 ± 103.6 - 

    Lutein - - - 97.7 ± 5.3 

    Neoxanthin - - - 39.5 ± 1.3 

    Violaxanthin - 2286.8 ± 418.0 - 21.6 ± 3.5 

Sterols  

      Cholesterol - 2.59 ± 0.05 1.08 ± 0.09 - 

    Phytosterols 2.58 ± 0.07 1.10 ± 0.04 13.50 ± 0.79 4.12 ± 0.22 

 573 

  574 
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Table 2: Egg quality parameters at the end of microalgal supplementation period: egg weight, shell weight, albumen weight, yolk weight (all 575 

expressed in g; mean ± SD; n = 8), shell thickness (in mm; mean ± SD; n = 8) and shell strength (in N/m; mean ± SD; n = 8). 576 

 
Egg weight  Shell weight  Albumen weight  Yolk weight  

Shell quality 

 

Shell thickness  Shell strength  

Control 59 ± 1
a 

9 ± 1
a 

31 ± 4
a 

14 ± 1
a 

0.51 ± 0.07
a 

129 ± 45
a 

Phaeodactylum 

      
0.125% 61 ± 1

a 
9 ± 1

a 
35 ± 3

a 
15 ± 1

a 
0.53 ± 0.07

a 
135 ± 15

a 

0.250% 59 ± 1
a 

10 ± 2
a 

33 ± 2
a 

14 ± 1
a 

0.51 ± 0.06
a 

131 ± 24
a 

Nannochloropsis 

      
0.125% 60 ± 1

a 
9 ± 1

a 
35 ± 3

a 
15 ± 1

a 
0.56 ± 0.06

a 
137 ± 27

a 

0.250% 61 ± 1
a 

9 ± 1
a 

34 ± 2
a 

15 ± 1
a 

0.53 ± 0.05
a 

122 ± 8
a 

Isochrysis 

      
0.125% 60 ± 1

a 
9 ± 1

a 
31 ± 5

a 
15 ± 2

a 
0.49 ± 0.07

a 
123 ± 28

a 

0.250% 60 ± 1
a 

9 ± 2
a 

32 ± 5
a 

15 ± 1
a 

0.52 ± 0.06
a 

120 ± 29
a 

Chlorella 

      
0.125% 61 ± 1

a 
10 ± 1

a 
35 ± 2

a 
15 ± 1

a 
0.55 ± 0.05

a 
134 ± 17

a 

0.250% 61 ± 2
a 

10 ± 1
a 

33 ± 4
a 

16 ± 1
a 

0.52 ± 0.08
a 

128 ± 26
a 

aResults with the same letter in the same column are not significant different (p<0.05). 577 
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Table 3: The supplemented n-3 PUFA (in mg/100 g feed), the enrichment of n-3 LC-PUFA 578 

(in mg/egg; mean ± SD; n = 8) and the conversion efficiency of n-3 LC-PUFA (in %; mean ± 579 

SD) for the four microalgae supplemented in 2 doses (125 mg and 250 mg microalgal 580 

ALA+EPA+DHA per 100 g feed, respectively 0.125% and 0.250%). 581 

 

Supplemented n-3 PUFA  Enrichment of n-3 LC-PUFA  Conversion efficiency  

Phaeodactylum 

0.125% 127 62 ± 9
a,1 

43 ± 6
a,1 

0.250% 253 85 ± 26
b,1 

29 ± 9
b,1 

Nannochloropsis 

0.125% 125 33 ± 10
a,2 

23 ± 7
a,2 

0.250% 250 56 ± 19
b,2 

19 ± 6
a,23 

Isochrysis 

0.125% 153 75 ± 16
a,3 

41 ± 9
a,1 

0.250% 307 81 ± 16
a,1 

23 ± 5
b,13 

Chlorella 

0.125% 136 19 ± 10
a,4 

12 ± 6
a,3 

0.250% 272 31 ± 9
b,3 

10 ± 3
a,4 

aResults with the same letter for the same microalga species are not significant different (p<0.05). 582 
aResults with the same  number for the same dose are not significant different (p<0.05). 583 
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Table 4: Color values (Roche and CIELAB-value; mean ± SD; n = 8) of the egg yolk 584 

measured at the end of the supplementation period with four microalgae supplemented in 2 585 

doses (125 mg and 250 mg microalgal ALA+EPA+DHA per 100 g feed, respectively 0.125% 586 

and 0.250%).  587 

Treatment group Roche CIELAB-value 

    
L* a* b* 

Control 12 ± 0
a 

66 ± 4
a 

12 ± 1
a 

54 ± 3
ad 

Phaeodactylum 

    0.125% 14 ± 1
b,1 

58 ± 5
b,1 

19 ± 1
b,1 

47 ± 3
b,1 

0.250% > 15
c,1 

48 ± 7
c,1 

25 ± 4
c,1 

36 ± 8
c,1 

Nannochloropsis 

    0.125% 13 ± 1
ab,2 

66 ± 3
a,2 

14 ± 3
ab,2 

51 ± 3
a,13 

0.250% 13 ± 1
b,2 

65 ± 4
a,2 

16 ± 3
b,2 

51 ± 3
a,2 

Isochrysis 

    0.125% 13 ± 1
a,2 

65 ± 3
a,2 

15 ± 1
a,2 

58 ± 3
a,2 

0.250% 14 ± 1
b,2 

58 ± 4
b,3 

19 ± 4
b,3 

52 ± 7
bd,2 

Chlorella 

    0.125% 11 ± 1
a,3 

68 ± 2
a,2 

9 ± 2
ab,3 

53 ± 2
a,23 

0.250% 12 ± 1
a,3 

69 ± 2
a,2 

8 ± 1
b,4 

52 ± 4
a,2 

a Results with the same letter for the same microalga species, in comparison with the control group, are not significant different (p<0.05). 588 
a Results with the same  number for the same dose are not significant different (p<0.05). 589 
b L* = lightness, a* = red-greenness, and b* = yellow-blueness.  590 


