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ABSTRACT Marine microalgae (MA) has received
wide attention as a promising source of omega-3 long-
chain polyunsaturated fatty acids (n-3 LC-PUFA)
enrichment in animal products to improve the health
status and wellbeing of the consumers. This study evalu-
ated dynamic changes in n-3 LC-PUFA, color, and func-
tional properties as well as atherogenic and thrombogenic
health lipid indices of egg yolk from hens fed graded levels
(0, 0.5, and 1.0%) of docosahexaenoic acid (DHA)–rich
MA (Aurantiochytrium sp.) during a 56-D feeding period.
Egg freshness parameters and yolk lipid oxidative stabil-
ity were alsomeasured after 0, 14, and 28D of refrigerated
storage. The hen performance and egg quality (except for
yolk color) were not affected (P . 0.05) by MA supple-
mentation. Docosahexaenoic acid contents in yolk from
hens fed 1.0% MA increased quadratically with feeding
time with a plateau at about 30 D (P, 0.05). Afterward,
the DHA content leveled off to a constant value
(946.3 mg/100 g yolk) with the n-6/n-3 ratio at 3.5: 1.
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Dietary inclusion of 1.0% of MA also significantly
decreased the atherogenic and thrombogenic indices of
yolk lipid (P, 0.05). Because the microalgal carotenoids
incorporated into egg yolk, the L* value of yolk from hens
fed MA decreased whereas a* value increased (P, 0.05),
corresponding to yolk Roche color scores. As expected,
there were no significant changes in yolk functional
properties (e.g., viscosity and emulsifying activity) related
to DHA enrichment (P . 0.05). Microalgal carotenoids
enrichment also helped attenuate fatty acid oxidation of
the DHA-enriched yolk and increase their lipid oxidative
stability. In conclusion, dietary supplementation with up
to 1.0% of MA significantly increased DHA contents with
more health-promoting n-6/n-3 ratio and atherogenic and
thrombogenic indices, as well as more intense yolk color
within consumers’ acceptability, and the feeding strategy
had a minimal impact on yolk physical and functional
properties or oxidative stability during subsequent
refrigerated storage.
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INTRODUCTION

Long-chain omega-3 polyunsaturated fatty acids (n-3
LC-PUFA), and especially docosahexaenoic acid (DHA,
C22:6 n-3) are generally accepted to have the potential
to prevent several cardiovascular diseases, as well as to
promote brain development (Balk and Lichtenstein,
2017). The DHA mainly exists in marine organism,
which is difficult to uptake sufficient amount from foods
especially for those who have limited access to marine
food or do not consume them often. Therefore, the daily
recommended intake of n-3 LC-PUFA, more particu-
larly DHA, is rarely met by the majority of consumers
worldwide (Lemahieu et al., 2015a). Hen’s eggs are
very good food product to enrich with DHA, which could
provide a health-enhancing alternative food source inde-
pendently or as an ingredient in processed foods.
Traditionally, DHA-enriched eggs are obtained by sup-
plementing fish oil to the hen diets because the fatty
acid (FA) profile in yolk is readily modified through
alterations of dietary FA (Lemahieu et al., 2014). How-
ever, the off-flavors detected in eggs with fish oil supple-
mented were hard to accept for human consumption.
Even when deodorized or microencapsulated fish oil is
used, negative effects on the sensory parameters of
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eggs are still observed (Gonzalez-Esquerra and Leeson,
2000). Additionally, the potential of pollutants also
restrict the wide application of fish oil into hen diets.
Heterotrophic or autotrophic microalgae (MA) as the

primary natural producers of n-3 LC-PUFA are prom-
ising sources to replace fish oil for n-3 LC-PUFA enrich-
ment in animal products (Matos, 2017). A vital
difference in fish oil and MA for supplementation of
laying hen diets with n-3 LC-PUFA is that MA contain
significant amounts of carotenoids (Lemahieu et al.,
2014). As the microalgal DHA gets incorporated into
egg yolk, carotenoids are simultaneously transferred
into the yolk, which may act as antioxidants to preserve
the unstable PUFA and thus increase yolk lipid stability.
Incorporation of DHA and carotenoids fromMA into egg
yolk is a gradual process. Knowledge of the dynamic al-
terations of DHA and carotenoid enrichment is of vital
importance to understand the inclusion time and levels
of MA supplemented to hen diets, so as to obtain a
compromise between DHA content stated on egg’s labels
and the cost of MA supplementation. However, previous
studies focused primarily on the changes in DHA deposi-
tion and yolk color at the end of the feeding trial but
rarely reported dynamic alterations of the DHA concen-
tration, n-6/n-3 ratio, and yolk color.
Egg yolk is essential for the food industry because of its

excellent emulsifying and rheological properties deter-
mined by its specific composition, inter alia phospholipid,
and proteins (Buxmann et al., 2010). Dietary MA supple-
mentation resulted in changes of yolk PUFA and other
chemical compositions, which may also affect their func-
tional properties (Aro et al., 2011). The n-3 PUFA-
enriched eggs produced from flaxseed supplementation
exhibited less foaming capabilities of whole egg than the
conventional eggs, indicating that the functional proper-
ties of eggs may be associated with their FA composition
(Aro et al., 2011). By studying how DHA enrichment af-
fects FA profile and subsequent egg yolk rheology and
stability, we may make better sense of yolk emulsion
properties and how these properties are altered by yolk
lipid modifications. However, the rheology and stability
of DHA-enriched yolk produced from MA supplementa-
tion have not been reported.
In addition, lipids in yolk with more PUFA are more

susceptible to oxidation, especially during drying or stor-
age (Matumoto-Pintro et al., 2017). Feeding flaxseed or
fish oil in hen diets has been found to increase the thio-
barbituric acid reactive substances (TBARS) and
peroxide values in yolk (Ao et al., 2015). Likewise, the
freshness and quality characteristics of n-3 PUFA
enriched eggs are prone to deteriorate over time, more
particularly in poor storage conditions (Herber and
Van Elswyk, 1996). In contrast to previous studies on
linseed or fish oils, no significant increases in yolk lipid
peroxidation were observed when fed MA presumably
because of the microalgal carotenoids acting as antioxi-
dants to increase lipid stability (Pangestuti and Kim,
2011; Ao et al., 2015).
ThraustochytridsAurantiochytrium sp. are heterotro-

phic MA with the highest cell densities and DHA
productivities (Aasen et al., 2016). In this study, graded
levels of a commercial dehydrated MA Aurantiochy-
trium sp. were included to the diets of laying hens. The
objectives of this trial were to (1) determine the dynamic
alterations of DHA incorporation, n-6/n-3 ratio and yolk
color; (2) compare the functional properties of fresh
DHA-enriched yolk with the control; and (3) measure
the egg freshness characteristics and yolk oxidative sta-
bility during refrigerated storage. We hypothesized
that such nutrient enrichment would result in DHA-
enriched yolk but with minimum alterations in other
physical and functional properties and lipid oxidation
stability of egg yolk.
MATERIALS AND METHODS

Animals and Diet Formulation

The experimental procedures were in accordance with
the Chinese Guidelines for Animal Welfare and
approved by the Institutional Animal Care and Use
Committee of Zhejiang University (Hangzhou, China).
A total of 360 healthy hens (HY-Line Brown,
26-wk-old) with similar body weight and performance
were used in the 10-wk feeding trial. Birds were main-
tained in an environmentally controlled room with a
constant temperature of 23 6 3�C and a relative humid-
ity of 60 to 70%. Birds were housed in a 2-tier battery
cage system with 3 birds per cage (45 ! 45 ! 50 cm,
providing 675 cm2 per bird) under a 16:8-h light-dark cy-
cle. Hens had free access to feed and water. After 14 D
adaption to the new environmental conditions and the
commercially available standard diet, birds were
randomly assigned into 3 dietary treatments with 8 rep-
licates of 15 birds each. Each replicate consisted of 5
adjacent cages with 3 birds per cage. Treatments were
consisted of feeding a corn–soybean meal standard
diet alone (control) or provided with 0.5 or 1.0% MA
(Aurantiochytrium sp., Alltech Inc., New York, NY).
The commercially available standard diet formulated
to meet the NRC (1994) requirements. All diets were
formulated to be isocaloric and isonitrogenous contain-
ing 2.75 Mcal/kg ME and 16.80% CP, respectively.
The formulation and nutrient levels of the experimental
diets are shown in Table 1. The supplemented MA (Aur-
antiochytrium sp.) contained 64.85% crude fat, 18.45%
DHA, and 12.10% CP (analyzed values). The analyzed
major FA content of MA (Aurantiochytrium sp.) and
the experimental diets are listed in Table 2. All experi-
mental diets were prepared fresh weekly and stored in
a cool area until the feed was utilized.
Laying Performance

Egg production and mass were monitored daily,
and feed disappearance was recorded weekly on a
replicate basis (8 replicates per dietary treatment)
to calculate the laying rate, average daily egg mass,
average daily feed intake, and feed conversion ratio
(feed/egg: g/g).



Table 1. Ingredients and nutrient levels of experimental diets for laying hens
(air-dry basis).

Item Control 0.5%MA 1.0%MA

Ingredients, %
Corn 59.70 59.55 59.40
Soybean meal 26.50 26.40 26.30
Soybean oil 2.00 1.75 1.50
Microalgae 0 0.50 1.00
Limestone 8.50 8.50 8.50
CaHPO4 1.00 1.00 1.00
Salts 0.30 0.30 0.30
DL-Methionine 0.20 0.20 0.20
Lysine-HCl 0.05 0.05 0.05
Premix1 1.75 1.75 1.75

Nutrient levels2

ME, Mcal/kg3 2.75 2.75 2.75
Crude protein, % 16.80 (16.84) 16.80 (16.82) 16.80 (16.83)
Crude fat, % 4.65 (4.64) 4.67 (4.66) 4.68 (4.65)
Ca, % 3.66 (3.63) 3.66 (3.62) 3.66 (3.64)
Total phosphorus, % 0.62 (0.65) 0.62 (0.65) 0.62 (0.64)
Available phosphorus, % 0.35 0.35 0.35
Lysine, % 0.91 0.91 0.91
Methionine, % 0.45 0.45 0.45
Cysteine 1 Methionine, % 0.77 0.77 0.77

Abbreviation: MA, microalgae.
1The premix provided the following per kilogram of diet: VA, 6,250 IU; VD3, 3,125

IU; VE, 15 IU; VK, 2 mg; thiamine, 1 mg; riboflavin, 8.5 mg; calcium pantothenate,
50 mg; niacin, 32.5 mg; pyridoxine, 8 mg; folate, 5 mg; VB, 125mg; choline, 500mg; Fe,
60 mg; Cu, 8 mg; Mn, 65 mg; Zn, 60 mg; Se, 0.3 mg; and I, 1 mg.

2The values in parentheses indicated the analyzed value. Others are calculated
values.

3The ME values were estimated from Chinese feed database provided with
tables of feed composition and nutritive values in China (28th edition, 2017).The
ME of Aurantiochytrium sp. was 6,057 kcal/kg calculated with the formula: ME
(kcal/kg) 5 53 1 38 [CP (%) 1 2.25 ! crude fat (%)] (Carpenter and Clegg, 1956).
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Egg Sample Collection and Preparation

Eggs collected every 3 D for the first 36 D and every
6 D for the remaining days were used for DHA content,
FA profile, and yolk color analysis. For sample prepara-
tion, the yolks were separated from the albumen and
then rolled on a filter paper (Whatman) to remove traces
of albumen. After egg yolk color determination, 5 yolks
from each replicate were mixed, and the pooled yolk
samples were then stored at 220�C until analyses. In
addition, total carotenoids and cholesterol contents
and functional properties of the obtained fresh samples
on 56 D of the supplementation period were also deter-
mined. Another batch of eggs were collected, labeled,
and then stored at 4�C for 0, 14, and 28 D for determina-
tion of egg freshness–related characteristics and yolk
oxidative stability.
Table 2. Major fatty acid profile in micro
experimental diets.1

Fatty acid content (mg/g) Microalga

C16:0 Palmitic acid 356.50
C18:0 Stearic acid 12.08
C18:1 n-9 Oleic acid 2.05
C18:2 n-6 Linoleic acid 0.76
C18:3 n-3 a-linolenic acid 10.52
C20:5n-3 Eicosapentaenoic acid 1.50
C22:6 n-3 Docosahexaenoic acid 184.5

Abbreviation: MA, microalgae.
1Values are the means of 4 analyses per sam
Egg Quality Parameters Measurement

The egg quality parameters were determined by a digi-
tal egg testerDET6000 (Kyoto, Japan) on 5 eggs per repli-
cate, and the measurements taken included whole egg
weight (g), albumen height (mm), Haugh unit (HU),
and eggshell strength (kg/cm2). Then, the yolk and
albumen were individually weighed, and the ratios of
albumen, yolk, and eggshell to egg weightwere calculated.
Yolk index (YI) was calculated as yolk height divided by
yolk diameter. Eggshell thickness (mm) was measured
(without shell membrane) with an egg shell thickness
gauge (Robotmation Co. Ltd., Tokyo, Japan) at 3 points
(air cell, equator, and sharp end). The color changes of egg
yolkwere determined byaMinoltaChromaMeterCR-300
(KonicaMinoltaOptics, Inc., Osaka, Japan) in aCIELAB
space (L*, lightness; a*, redness; and b*, yellowness).
algae (Aurantiochytrium sp.) and the

e Control 0.5%MA 1.0% MA

6.72 8.03 9.26
1.56 1.59 1.62
8.20 8.56 8.85
16.05 15.97 15.59
1.00 1.05 1.04
0.02 0.03 0.03
0.02 0.94 1.85

ple.



Table 3.Production performance of laying hens fed graded levels of
microalgae (Aurantiochytrium sp.) over 56-D feeding period.1

Item Control 0.5%MA 1.0 MA% SEM P-value

LR, % 92.75 93.87 93.98 0.43 0.101
ADFI, g/hen/D 111.84 111.21 110.66 1.31 0.346
ADEM, g/hen/D 56.00 56.46 56.80 0.48 0.502
FCR, g/g 2.00 1.97 1.95 0.02 0.328

Abbreviations: ADEM, average daily egg mass; ADFI, average daily
feed intake; FCR, feed conversion ratio (average daily feed intake: average
daily egg mass); LR, laying rate; MA, microalgae.

1Values are means of 8 replicates of 15 hens each.
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Meanwhile, the yolk color changes were also scored visu-
ally by comparison with a Roche yolk color fan (range
1-15, DSM, Basel, Switzerland).
Determination of DHA Content and Fatty
Acid Profile

Fatty acids were extracted from the pooled yolk with
chloroform/methanol (2:1, v/v) by the modified method
of Folch et al. (1957). The fatty acid methyl esters pre-
pared and quantified according to the method of
Hansen et al. (2015) with an internal standard (C11: 0,
Nu-Chek-Prep Inc., Elysian, MN) were added to allow
quantification of DHA content. Separation and quantifi-
cation of these fatty acid methyl esters were performed
by gas chromatography with an Agilent 6890A(Hew-
lett-Packard, Palo Alto, CA) following the protocol as
we previously described (Liu et al., 2019). Fatty acid
profile was determined on 8 replicates per treatment,
with each replicate consisting of a pool of 5 egg yolks.
The DHA values were reported as mg/100 g yolk, and
FA profiles were reported as percentage of the total FA.
Health Lipid Indices of Egg Yolk

Fatty acids in yolk are grouped in classes based on
the double bonds as saturated FA (SFA), unsaturated
FA (UFA), monounsaturated FA (MUFA), and
PUFA. The health profile of DHA-enriched yolk was
measured considering the n-6/n-3 PUFA, MUFA/
SFA, UFA/SFA, and PUFA/SFA ratios. The
saturation index (S/P), atherogenic index (AI), and
thrombogenic index (TI) of yolk lipid were calculated
as follows (Omri et al., 2019): S/P 5 (C14:0 1
C16:0 1 C18:0)/(MUFA 1 PUFA); AI 5
(4 ! C14:0 1 C16:0 1 C18:0)/(MUFA 1 PUFA);
Table 4. Egg quality parameters of laying
(Aurantiochytrium sp.) for 56 D.1

Item Control 0.5

Albumen percentage, % 64.12 6
Yolk percentage, % 24.59 2
Shell percentage, % 11.28 1
Albumen height, mm 8.61
Haugh unit 92.60 9
Eggshell strength, kg/cm2 4.42
Eggshell thickness, mm 0.38

Abbreviation: MA, microalgae.
1Values are the means of 8 replicates of 5 e
and TI 5 (C14:0 1 C16:0 1 C18:0)/[(MUFA 1 n-6
PUFA)/2 1 3 ! n-3 PUFA 1 n-3: n-6].
Total Carotenoid and Cholesterol
Quantification

The contents of total carotenoids in yolk collected on
56 D of the trial were analyzed by the method of Islam
and Schweigert (2015). Yolk total carotenoid contents
equivalent to ug ß-carotene per g sample was calculated
by using the extinction coefficients E1cm

1% 5 2,550. The
cholesterol contents were measured by an enzymatic
spectrophotometric method as described by Petrovi�c
et al. (2012) with a commercial reagent kit (Nanjing
Jiancheng Bioengineering Institute, Jiangsu, China).
Eight replicates of 5 pooled yolk samples per treatment
were determined.
Raw Yolk Viscosity and Emulsification
Properties Measurement

Fresh yolk viscosity was assayed according to the
method of Walker et al. (2012) by a TA Instruments
DHR2 Rheometer (TA Instruments, New Castle, DE)
with parallel geometry sensor (40 mm diameter,
1 mm gap). Two viscosity tests of yolk samples were
measured at 25�C. The first test involved changing
the shear rate linearly from 0.10 s21 to 60.00 s21 for
30 s, and the data were fitted to the Eq:
t 5 k ! (g/go)n, where t is the shear stress (Pa), k
is the consistency index (Pa), g is the shear rate
(s21), go is the constant shear rate (s21), and n is the
flow index. The second test conducted at a constant
shear rate at 60.00 s21 for 60 s to measure the apparent
viscosity, which can be calculated by the equipment
software. The emulsion activity (EA) and emulsion sta-
bility (ES) of fresh yolk were measured as described by
Gouda et al. (2017). Eight replicates of 5 pooled yolks
per treatment were determined.
TBARS Measurement

The TBARS concentrations of egg yolk were measured
after 0, 14, and 28 D of refrigerated storage using the
method described by Goliomytis et al. (2014). Quantifica-
tion of TBARS values was conducted by determining the
absorbance at 540 nm using a UV/Vis spectrophotometer
hens fed graded levels of microalgae

%MA 1.0 MA% SEM P-value

4.18 64.41 0.45 0.895
4.42 24.43 0.28 0.884
1.40 11.17 0.28 0.838
8.59 8.34 0.16 0.461
2.54 91.23 0.83 0.415
4.40 4.50 0.21 0.947
0.38 0.39 0.01 0.925

ggs each.



Figure 1. Dynamics of DHA enrichment (A), n-6/n-3 ratio (B), L* value (C), a* value (D), and b* value (E) of fresh egg yolk from laying hens
fed graded levels of microalgae (Aurantiochytrium sp.) over 56-D feeding period. Data points are treatment means and standard error bars
(n 5 8). Abbreviations: DHA, docosahexaenoic acid; MA, microalgae.
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(Hitachi UV-3100, Tokyo, Japan) according to the stan-
dard curve ofmalondialdehydeobtained fromthehydroly-
sis of 1,1,3,3-tetramethoxypropane. The TBARS values
were expressed as mg malondialdehyde/kg yolk.
Statistical Analysis

Data were subjected to the General Linear Model pro-
cedure of SPSS 20.0 software (SPSS, Inc., Chicago, IL)
with each replicate as an experimental unit. One-way
ANOVA was used to compare laying performance, egg
quality parameters, FA composition, total cholesterol
and carotenoid contents, and functional properties of
yolk. Two-way ANOVA was conducted to compare
egg freshness parameters and lipid oxidative stability
during refrigerated storage. Statistical models included
the effects of dietary treatments, refrigerated storage
days, and the interactions between these 2 factors. Sig-
nificant differences at 5% among treatment means
were evaluated using Tukey’s multiple range test.
RESULTS AND DISCUSSION

Laying Performance and Egg Quality
Characteristics

Compared with the control group, laying rate, average
daily egg mass, average daily feed intake, and feed con-
version ratio were not affected (P . 0.05) by different
levels of MA (Aurantiochytrium sp.) supplementation
(Table 3), which was consistent with previous studies
supplemented with different species of MA to laying
hens, such as DHA-enriched heterotrophic MA
Schizochytrium limacinum (Ao et al., 2015) and EPA-
containing autotrophic MA Nannochloropsis sp.
(Bruneel et al., 2013; Wu et al., 2019). However, Park
et al. (2015) found that dietary supplementation with
1.0% Schizochytrium sp. showed positive effects on hen
production. On the contrary, Herber and Van Elswyk
(1996) observed feeding 4.8% heterotrophic MA to
hens decreased laying performance compared with the
blank control. These different effects of MA on hen per-
formance might be attributed to the differences in
composition of MA, the MA inclusion levels, feed formu-
lation, and hen’s age and strain. No significant differ-
ences (P . 0.05) were observed in albumen percentage,
yolk percentage, shell percentage, albumen height, HU,
eggshell strength, or eggshell thickness among treat-
ments (Table 4). Results from similar trials on laying
hens (Moran et al. 2019; Yonke and Cherian, 2019)
agreed that DHA-enriched MA supplementation did
not affect the egg quality parameters (except for yolk co-
lor), indicating the suitability of MA as a feed ingredient.
Dynamics of DHA Enrichment and n-6/n-3
Ratio Alterations in Yolk

The dynamics of DHA accumulation in fresh yolk
from hens fed graded levels of MA over 56-D feeding
period are shown in Figure 1A. The DHA contents of
control eggs remained constant (on average 300.8 mg
DHA/100 g yolk) throughout the feeding trial. As would
be expected, microalgal DHA supplementation to hen di-
ets consequently produced dose-dependent enrichments
of DHA in yolks (P , 0.05), which was in good agree-
ment with the findings of Manor et al. (2019) with a



Table 5. Fatty acid composition of pooled egg yolk from laying hens fed graded levels of
microalgae (Aurantiochytrium sp.) for 56 D.1

Item Control 0.5%MA 1.0%MA SEM P-value

Cholesterol, mg/g yolk 13.33 12.99 12.51 0.282 0.222
Fatty acids, % of total fat
C14:0 Myristic acid 0.35 0.34 0.341 0.01 0.731
C16:0 Palmitic acid 25.14 24.54 24.07 0.42 0.194
C16:1 n-7 Palmitoleic acid 4.71 5.10 4.82 0.22 0.531
C18:0 Stearic acid 8.97 8.65 9.10 0.25 0.424
C18:1 n-9 Oleic acid 40.84a 39.30b 38.70b 0.26 0.004
C18:2 n-6 Linoleic acid 14.57 15.81 15.70 0.38 0.054
C18:3 n-6 g-Linolenic acid 0.18a 0.13b 0.15b 0.01 0.001
C18:3 n-3 a-Linolenic acid 0.38 0.41 0.46 0.02 0.101
C20:0 Arachidic acid 0.09 0.08 0.09 0.01 0.162
C20:1 n-9 Gadoleic acid 0.44a 0.34b 0.31b 0.01 ,0.001
C20:2 n-6 Eicosadienoic acid 0.13 0.13 0.12 0.01 0.333
C20:3 n-6 Eicosatrienoic acid 0.23a 0.13b 0.14b 0.01 0.001
C20:4 n-6 Arachidonic acid 2.74a 1.96b 1.60c 0.11 ,0.001
C20:5 n-3 Eicosapentaenoic acid 0.05 0.05 0.06 0.01 0.856
C22:6 n-3 Docosahexaenoic acid 1.21c 3.10b 4.50a 0.08 ,0.001
SFA 34.54 33.60 33.59 0.41 0.192
MUFA 45.99a 44.73b 43.83b 0.33 0.001
PUFA 19.35b 21.61a 22.60a 0.37 0.008
Total n-6 PUFA2 17.84 18.16 17.71 0.37 0.673
Total n-3 PUFA3 1.65c 3.57b 5.00a 0.06 ,0.001

Abbreviations:MA,microalgae; MUFA,monounsaturated fatty acid; PUFA, polyunsaturated
fatty acids; SFA, saturated fatty acids.

1Means (8 replicates of 5 pooled yolks) with different superscripts within the same row differs
significantly (P , 0.05).

2Total n-6 PUFA 5 C18:2 n-6 1 C18:3 n-6 1 C20:2 n-61 C20:3 n-6 1 C20:4 n-6.
3Total n-3 PUFA 5 C18:3 n-3 1 C20:5 n-3 1 C22:6 n-3.
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defatted Nannochloropsis oceanica MA. Docosahexae-
noic acid contents in yolk from hens fed 1.0% MA
reached the peak (949.3 mg DHA/100 g yolk) first after
27 D, whereas DHA contents in yolk reached the peak
(694.9 mg DHA/100 g yolk) of hens fed 0.5% MA after
33 D, after which DHA level reached a plateau (683.1
and 946.3 mg DHA/100 g yolk, for 0.5 and 1.0%MA sup-
plementation, respectively) that was sustained
throughout the experiment. Between day 0 and the
day at which reaching the highest concentration, linear
increases of the enrichment were observed with the
extension of feeding time, supporting previous studies
(Lemahieu et al., 2015b; Keegan et al., 2019). These re-
sults indicated that around 30 D of MA inclusion
appeared to be sufficient to stabilize the incorporation
of DHA in egg yolk. Similar results were reported by
Hargis et al. (1991) and Keegan et al. (2019), who also
observed the minimum time was 4 wk to allow yolk
DHA enrichment reaching the plateau. However, other
Table 6. Health-related indices of pooled
levels of microalgae (Aurantiochytrium s

Item Control 0.5

n-6/n-3 PUFA ratio 10.92a 5.
PUFA/SFA ratio 0.56b 0.
MUFA/SFA ratio 1.33 1.
UFA/SFA ratio 1.90 1.
Saturation index (S/P) 0.53 0.
Atherogenic index (AI) 0.41a 0.
Thrombogenic index (TI) 0.73a 0.

Abbreviations: MA, microalgae; MUFA, m
unsaturated fatty acids; SFA, saturated fatty

1Means (8 replicates of 5 pooled yolks) with
differs significantly (P , 0.05).
studies showed a maximum n-3 PUFA incorporation
was observed after 2 or 3 wk of Phaeodactylum tricornu-
tum, Isochrysis galbana, and Chlorella fusca (Lemahieu
et al., 2014) or Nannochloropsis sp. (Kim et al., 2016;
Wu et al., 2019) supplementation. This discrepancy
may be because of the differences in microalgal species
and hen’s age and strain. After reaching the plateaus,
DHA contents in egg yolk from hens fed 1.0% MA
were approximately 2-fold increase over the control
eggs. In addition, compared with 0.5% MA supplemen-
tation, doubling the inclusion levels of MA in hen diet
did not result in double DHA content in yolk (384.7
vs. 648.6 mg DHA/100 g yolk). From the results, we
can conclude that the MA supplemental levels influence
the DHA incorporation efficiency, a decreasing conver-
sion efficiency of DHA enrichment in the yolk with the
increasing inclusion levels, supporting the previous find-
ings (Bruneel et al., 2013; Keegan et al., 2019; Feng
et al., 2020).
egg yolk from laying hens fed graded
p.) for 56 D.1

%MA 1.0%MA SEM P-value

10b 3.53c 0.33 ,0.001
64a 0.67a 0.02 ,0.001
33 1.31 0.02 0.626
98 1.98 0.04 0.179
51 0.51 0.01 0.170
39a,b 0.37b 0.01 0.008
71a 0.69b 0.01 0.003

onounsaturated fatty acid; PUFA, poly-
acids; UFA, unsaturated fatty acid.
different superscripts within the same row



Table 7.Yolk color and carotenoid enrichment in egg yolk of laying hens fed
graded levels of microalgae (Aurantiochytrium sp.) for 56 D.1

Item Control 0.5%MA 1.0 MA% SEM P-value

Yolk color
Roche value 2 7.50b 8.63a 9.38a 0.34 0.003
CIELAB value

L* 67.08a 64.57b 63.00b 0.57 ,0.001
a* 10.11b 13.84a 14.46a 0.21 ,0.001
b* 61.03 61.64 62.48 0.53 0.129

Yolk total carotenoids 27.63b 30.54a 31.93a 0.718 0.003

Abbreviation: MA, microalgae.
1Means (8 replicates of 5 eggs each) with different superscripts within the same row

differs significantly (P , 0.05).
2The Roche value was scored according to Roche yolk color fan (range 1-15, DSM,

Basel, Switzerland).
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The n-6/n-3 PUFA ratio is a vital parameter in terms
of human health because of their different metabolic ef-
fects (Lemahieu et al., 2014). Dramatic alterations in
n-6/n-3 ratio were also determined and are presented
in Figure 1B. The n-6/n-3 ratio of control eggs did not
significantly change (P . 0.05) during the experiment
and that was in good accordance with a previous study
(Petrovi�c et al., 2012). Yolk from hens fed 0.5 and
1.0% MA diets exhibited constant reductions in n-6/n-
3 ratio until reaching stabilization in the 30th D of the
supplementation period. This trend corresponded to
the results obtained in yolk DHA enrichment in
Figure 1A. After reaching the plateaus, the n-6/n-3 ra-
tios decreased from the usual value in control yolk
(10.8: 1) to the values below 5: 1, which was in good
agreement with the results with flaxseed or fish oil sup-
plementation (Petrovi�c et al., 2012; Kralik et al.,
2015). As expected, the largest decrease was obtained
by 1.0% MA supplementation, and the ultimate ratio
stabilized at 3.5: 1, which is in agreement with the rec-
ommended ratio for human health purposed
(Simopoulos, 2008).
Total Cholesterol Contents and Fatty Acid
Composition in Yolk

Owing to the risk of cholesterol for cardiovascular dis-
ease, more and more researchers have tried to reduce its
amount in egg yolk (Viveros et al., 2007). No remarkable
differences were observed in total cholesterol content of
yolk across the treatments (Table 5, P. 0.05). These re-
sults were in accordance with the findings of Ebeid et al.
(2008) andWu et al. (2019), who also found that dietary
Table 8. Functional properties (viscosit
fresh yolk from laying hens fed graded
trium sp.) for 56 D.1

Item Control 0.5%

Viscosity, Pa$s 2.03 2
Consistency index, Pa 4.53 4
Flow index 0.57 0
Emulsion activity, Abs 0.49 0
Emulsion stability, min 88.79 91

Abbreviation: MA, microalgae.
1Values are the means of 8 replicates of 5
n-3 PUFA was not able to reduce the cholesterol con-
tents in yolk. This is presumably because of the physio-
logical control mechanisms that ultimately leads to the
production cessation when the cholesterol content is
inadequate for embryo survival (Milinsk et al., 2003).
Fatty acid profile in yolk at the end (day 56) of the
feeding period is shown in Table 5. Yolk FA composition
was significantly affected by graded levels of MA supple-
mentation (P, 0.05). Compared with the control, yolks
from hens supplemented with 0.5 and 1.0% MA signifi-
cantly increased DHA (C22:6 n-3) contents, whereas
remarkably decreased yolk FA C18:1 n-9, C18:3 n-6,
C20:1 n-9, C20:3 n-6, and C20:4 n-6 contents
(P , 0.05). The reduction in n-6 PUFA concentrations
(especially C20:3 n-6 and C20:4 n-6 contents) caused
by MA supplementation were attributed to the competi-
tion of substrates and biosynthesis enzymes between the
n-3 and n-6 PUFA synthesis pathways (Jia et al., 2008).
Consequently, total n-3 PUFA levels increased as the in-
clusion levels of MA increased (P , 0.05). Concomitant
with the reductions in MUFA content, total PUFA was
remarkably increased (P, 0.05), especially in yolk from
hens fed 1.0% MA. Similar results were observed by
Petrovi�c et al. (2012) and Baeza et al. (2015).

Health Lipid Indices of Egg Yolk

The consumption of FA has a direct influence on the
stimulation or preclusion of atherosclerosis and coronary
thrombosis because of their effects on blood cholesterol
and low-density lipoprotein cholesterol contents
(Ulbricht and Southgate, 1991). The health lipid indices,
including n-6/n-3, PUFA/SFA, MUFA/SFA, and
UFA/SFA ratios, as well as AI and TI are vital
y and emulsification properties) of
levels of microalgae (Aurantiochy-

MA 1.0%MA SEM P-value

.09 2.12 0.12 0.368

.88 5.39 0.37 0.324

.57 0.57 0.01 0.982

.50 0.51 0.01 0.588

.19 91.81 1.77 0.462

pooled yolks.



Table 9. Egg freshness parameters and yolk lipid oxidation (TBARS) during refrigerated storage at 4�C for 0, 14, and 28 D.1

Item

Diet (D)

SEM

Storage days (SD)

SEM

P-value

Control 0.5%MA 1.0%MA 0 14 28 D SD D*SD

Albumen height, mm 7.43 7.54 7.40 0.137 8.37a 7.37b 6.33c 0.137 0.732 ,0.001 0.875
Haugh unit 84.62 83.99 83.47 0.632 92.01a 82.79b 77.28c 0.632 0.443 ,0.001 0.938
Yolk index 49.82 49.73 49.63 0.378 51.34a 49.38b 48.45b 0.378 0.941 ,0.001 0.996
TBARS, mg MDA/kg yolk 0.134 0.134 0.136 0.003 0.102c 0.132b 0.170a 0.003 0.900 ,0.001 0.932

Abbreviations: D, diet; MA, microalgae; MDA, malondialdehyde; SD, storage days; TBARS, Thiobarbituric acid reactive substances.
1Means (8 replicates of 3 eggs each for egg freshness parameters analysis; 8 replicates of 3 pooled yolks each for TBARS analysis) with different

superscripts within the same row of storage days differs significantly (P , 0.05).

CHEMICAL AND FUNCTIONAL PROPERTY OF DHA-RICH YOLK 4623
parameters for evaluating the healthiness of lipid for hu-
man consumption. The health indices of yolk lipid are
summarized in Table 6. It was observed that dietary sup-
plementation with 1.0% MA remarkably increased the
PUFA/SFA and MUFA/SFA ratios (P , 0.05),
whereas significantly decreased the n-6/n-3 PUFA ratio,
AI, and TI (P , 0.05). Generally, dietary PUFA/SFA
ratio above 0.45 and n-6/n-3 PUFA ratio below 4.0 are
required to prevent coronary heart disease, because
balanced dietary PUFA/SFA and n-6/n-3 ratios are vi-
tal in regulating blood cholesterol (Simopoulos, 2008). In
this study, the PUFA/SFA ratios (0.67) of yolk form
hens fed 1.0%MA were higher than the recommended
values, whereas the n-6/n-3 ratios (3.52) were within
the recommended levels, indicating the FA in the ob-
tained yolk have a protective action against coronary
heart diseases (Simopoulos, 2008) and can be recommen-
ded as a healthy PUFA source.
Atherogenic index and TI are vital parameters indi-

cating the potential for stimulating platelet aggregation,
which defined as the relationships between proathero-
genic FA and antiatherogenic FA and relationships be-
tween prothrombogenetic FA and antithrombogenetic
FA, respectively (Wo1oszyn et al., 2020). From the per-
spectives of human health, the AI and TI recommended
for human consumption are less than 0.5 and 1.0, respec-
tively (Wo1oszyn et al., 2020). In this study, the yolks
showed AI and TI of 0.37–0.41 and 0.69–0.73, which
were within the recommended ranges. The lowest AI
and TI was observed in yolks from hens fed 1.0%MA,
which is very desirable for human health because of the
great protective potential for coronary artery disease.
Yolk Color Enrichment and Total Carotenoid
Contents

As shown in Figure 1C–E, not only an enrichment of
DHA but also significant color changes in yolk were
observed with MA supplementation (P , 0.05).
Remarkable yolk color changes were observed in the first
6 D of feeding MA diets as compared with the control,
and the values reached a plateau after 12 D, after which
it was sustained. Similar results were reported by
Bruneel et al. (2013). Before reaching the plateau, L*
values decreased, whereas a* values increased drastically
with the extended feeding time and increasing MA inclu-
sion levels, corresponding to the decreased lightness and
increased redness of the egg yolk. Remarkable
alterations in L* and a* values may be perceived differ-
ently by eye, so we therefore scored the yolk color using
Roche values as well. Table 7 summarizes the color
values of the yolk obtained at the end of the supplemen-
tation period. In general, MA supplementation to hens
significantly increased the Roche value of yolk
(P, 0.05). Similar results were obtained by supplement-
ing Schizochytrium sp. or other species of MA supple-
mentation (Herber and Van Elswyk, 1998; Lemahieu
et al., 2014; Ao et al., 2015). The total carotenoid con-
tents in yolk, after 56 D feeding, were determined and
are shown in Table 7. Significant increases were observed
in total carotenoid contents in DHA-enriched yolk as
compared with the control, regardless of the inclusion
levels (P, 0.05). Based on the results of carotenoid con-
tents and other studies with Aurantiochytrium sp. MA,
the color shift by graded levels of MA supplementation
can presumably be explained by the incorporation of
microalgal carotenoids into yolk, specifically canthaxan-
thin and b-carotene (Herber and Van Elswyk, 1998). It
should be noted that the incorporation of certain carot-
enoids may result in a decreased consumers’ accept-
ability. In the present study, egg yolk scores ranged
from 7 to 10, which were within consumers’ accept-
ability, indicating that supplementation with up to
1.0% MA did not result in unacceptable yolk color
(Lemahieu et al., 2014).

Yolk Functional Properties

Dietary DHA supplementation resulted in changes of
PUFA and other chemical composition in yolk, which
may give rise to changes in technological characteristics
of yolk. Therefore, the viscosity and emulsification prop-
erties of DHA-enriched yolk were measured. As shown in
Table 8, no significant differences were observed in the
apparent viscosity, consistency index, or flow index of
the raw yolk across the treatments (P . 0.05). In addi-
tion, the flow index in this study is between 0 and 1, illus-
trating a shear thinning profile. These results were in
accordance with the findings of Walker et al. (2012),
who reported that yolk nutrient enrichment with MA
did not significantly affect their viscosity. However,
other studies have shown that the apparent viscosity
of yolk was associated with FA compositions, especially
n-3 PUFA composition and the n-6/n-3 ratio (Shinn
et al., 2015). Understanding these different changes in
viscosity will require further compositional and micro-
structural studies of the yolk. There were no significant
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differences in EA or ES of fresh egg yolk among treat-
ments (P . 0.05), indicating that DHA enrichment
has not changed the emulsification properties of egg
yolk. Similar results were also reported (Leskanich and
Noble, 1997). However, other study had reported n-3
PUFA incorporation with fish or flaxseed oils increased
the whole egg EA but decreased its ES (Aro et al.,
2011). Our study mainly focused on FA composition
alterations and their effects on the yolk functional prop-
erties. Further studies are needed to investigate the
potential alterations in protein type, proportion, and
functionality as caused by nutrient enrichment.
Egg Freshness Parameters and Oxidative
Stability During Storage

Albumen height, HU, and YI are acceptable measures
of shell egg freshness parameters (Adeniyi et al., 2016).
Lipid oxidation stability of the yolk was evaluated based
on the TBARS value. Egg freshness parameters and lipid
oxidation (TBARS) measured after 0, 14, and 28 D of
refrigerated storage are shown in Table 9. There were
no significant differences in albumen height, HU, YI, or
TBARS values across the treatments (P . 0.05), indi-
cating that dietary supplementation of up to 1.0% MA
did not significantly affect egg physical quality and lipid
oxidative stability. This supported the previous study of
Ao et al. (2015). Nevertheless, other studies with flaxseed
or fish oil supplementation to hens observed increased
TBARS values in fresh yolk (Hayat et al., 2010; King
et al., 2012). An important difference regarding the inclu-
sion of fish or linseed oil and MA for n-3 PUFA enrich-
ment is that MA contain lots of carotenoids (Pangestuti
and Kim, 2011). As mentioned above, the total caroten-
oids increased in DHA-enriched yolk, which were associ-
ated with the matrix of the yolk lipids, helping
attenuate oxidation of FA. This can presumably explain
non-significant effects of DHA enrichment on lipid oxida-
tive stability of yolk in this study. In addition, albumen
height, HU, and YI values showed a significant reduction,
whereas TBARS value showed an increase with the
extension of storage time up to 28 D (P, 0.05), in agree-
ment with previous studies (Mohiti-Asli et al., 2008; Li
et al., 2017). No significant differences were observed in
the internal qualities and oxidative stability of the eggs
influenced by the interactions between storage days and
dietary treatment (P . 0.05). These results validated
our hypothesis that there were minimal changes in the
quality properties and lipid oxidative stability of eggs
up to 1.0% of MA supplementation for DHA enrichment.

In conclusion, the present study demonstrated that yolk
DHA was enhanced and peaked at about 30th D of MA
supplementation for laying hens without adverse effects
on performance and egg quality. This feeding strategy
has been evaluated to achieve DHA-enriched eggs with
more health-promoting n-6/n-3 ratio as well as lower
atherogenic and thrombogenic indices. Dietary supple-
mentation with up to 1.0% MA had a minimal impact
on physical and functional properties (e.g., YI, viscosity,
and emulsification capacity) of yolk. Except for DHA,
an enrichment of carotenoids, transferred from the micro-
algal biomass to yolk, resulted in declined L* (lightness)
values and increased a* (redness) values, corresponding
with an increased yolk Roche score. These microalgal ca-
rotenoids enrichment also helped attenuate FA oxidation
of the DHA-enriched yolk and increase their lipid oxida-
tive stability during subsequent refrigerated storage.
These extra benefits of MA need further investigations.
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