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tissue fatty acid composition differently in laying

hens fed diets containing corn and flaxseed oil
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SUMMARY

Effects of defatted microalgae (DFA) on fatty acid composition of eggs and tissues of hens
have not been well studied. This experiment was to determine how low concentrations of
supplemental DFA in the presence or absence of flaxseed oil (FO) altered fatty acid profiles of
egg yolk, liver, adipose tissue, and plasma of layers. A total of 60 Shaver Leghorn layer hens
(individually caged, 20-wk old) were allotted into 6 groups (n = 10) and fed a corn/soybean
meal basal diet containing 0, 3, or 5% DFA and 0 (1.5% corn oil, CO) or 1.5% FO for 6 wk.
BW, ADFI, egg production rate, and egg component weights were not affected by any of the
dietary treatments at various time points, but egg yolk color was changed (P < 0.05) with
increasing concentrations of DFA. The concentration of n-3 fatty acids in egg yolk and plasma
were elevated by FO up to 9-fold (P < 0.05) starting at wk 1 or 2, and 39 to 83% (P < 0.05) by
DFA. Supplemental DFA improved (P < 0.05) n-6/n-3 fatty acid ratios in egg yolk and plasma
from 13 to 23 and 7 to 13, respectively, only in hens fed diets without FO. Fatty acid profiles
of liver and adipose tissue (at wk 6) displayed responses to supplemental DFA and FO similar
to those of egg yolk or plasma. In conclusion, supplemental 3 or 5% DFA caused moderate
enrichments of n-3 fatty acids and decreased the n6/n3 fatty acid ratios of egg yolk and tissues
in hens fed diets without FO.
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DESCRIPTION OF PROBLEM

Omega-3 (n-3) fatty acids are mostly com-
prised of polyunsaturated fatty acids (PUFA)
α-linoleic acid (ALA), eicosapentaenoic acid
(EPA), and docosahexaenoic acid (DHA). As n-3
fatty acids are believed to help reduce cardiovas-
cular diseases, the American Heart Association
and modern nutritionists recommend eating fish

1Corresponding author: XL20@cornell.edu

at least twice a week for healthy individuals and
∼1 g/day of EPA + DHA for individuals with
documented coronary heart disease [1, 2]. The
n-3 fatty acids in the human body are mostly in-
gested from diets and(or) supplements, as the de-
saturase and elongase enzymes for their biosyn-
thesis in tissues have low catalytic rates [3, 4].
While nuts, seeds, and vegetable oils are rich in
ALA, fish products are the main source of EPA
and DHA [5, 6]. In general, Western diets are
low in n-3 fatty acids and high in n-6 fatty acids,
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with an approximate ratio of 15 to 20. Without
an efficient n-3 desaturase, the n-6 fatty acids
could not be effectively converted into n-3 fatty
acids [1, 7]. Thus, the overconsumption of n-
6 fatty acids, along with the inappropriate ratio
of n-3 to n-6 fatty acids in the diets, has been
a public health concern over increased risks of
developing chronic diseases [7–10]. One way to
increase n-3 fatty acids consumption is through
enrichment of highly consumed food, such as
eggs [11]. Fish meal and fish oil are rich in
DHA and EPA, and are often added in laying
hen diets to enrich eggs with these fatty acids,
but this type of feeding causes sensory problems
in eggs by adding a fishy taste [12]. Meanwhile,
flaxseed oil (FO) is high in alpha-linoleic acid
(ALA), and is also incorporated into laying hen
diets to produce eggs enriched in n-3 fatty acids.
However, there are anti-nutrient factors in the
flaxseed, and hens fed 5% FO or higher dis-
played impaired egg production traits [13, 14].
Recently, our group has seen that inclusion of
5% FO in hen diets decreased hen body weight
[15]. Thus, lower concentrations of FO should be
tested to find out if they are adequate to produce
the desired enrichments. Although microalgae
were studied as an alternative animal feed source
decades ago defatted microalgal (DFA) biomass,
produced from biofuels preparation, has just re-
cently emerged as a potentially new generation
of feed protein supply [16, 17]. Lipid extraction
used for biofuels production increases the pro-
tein concentration of the DFA, along with excel-
lent amino acids profile [18] and high amounts of
bioactive nutrients, vitamins, minerals, antioxi-
dant, and carotenoids [19]. We have conducted
a number of feeding trials to demonstrate the
feasibility in using DFA biomass to replace soy-
bean meal in diets for broiler chicks, hens, and
pigs [20, 21]. Continual feeding of two types
of DFA biomass affected protein digestion and
metabolism in laying hens [19, 21]. Strikingly,
the DFA biomass was also effective in enriching
n-3 fatty acids in tissues, including muscle and
liver, in broiler chicks, despite the low residual
fat left in the material [22]. However, effects of
DFA on fatty acid composition of eggs and tis-
sues of hens have not been well studied. There-
fore, the objective of the present study was to
determine: 1) if relatively low concentrations of
DFA inclusion (0, 3, and 5%) in laying hen diets

was effective in enriching n-3 fatty acids, in par-
ticular EPA and DHA, in egg yolk, liver, adipose
tissue, and plasma; and 2) if the effect of DFA in-
clusion was different between in diets containing
FO and corn oil (CO).

MATERIALS AND METHODS

Experimental Protocol

All procedures involving use of animals were
approved by the Cornell University Institutional
Animal Care and Use Committee. The DFA
biomass was generated from the biofuel ex-
traction of Nannochloropsis oceanica (Cellana,
Kailua-Kona, HI). FO and CO were purchased
from Dyets (Bethlehem, PA). Shaver Leghorn
layer hens (total = 60, 20 wk old) were housed
individually in cages in an environmentally-
controlled barn (23◦C) with a day cycle of 16 h
of light and 8 h of dark for the duration of the
6-wk experiment. The experimental design was
a 2 by 3 factorial arrangement of treatments: 2
types of oil (CO vs. FO at 1.5%) and 3 levels
of DFA (0, 3, and 5%) (Table 1). Nutrient con-
centrations of all experimental diets were met
or exceeded the NRC standard [23]. Ten birds
were assigned to each of the 6 treatment diets,
and each hen was considered as an experimental
unit. The hens had free access to feed and water
throughout the experimental period.

Measurements

Body weight and feed intake were measured
weekly, and eggs were collected daily to de-
termine egg production rate and egg compo-
nents (whole egg, egg shell, albumen, and yolk
weights) weekly. Yolk color was assayed using
the Hoffman-LaRoche 15-point color pan (color
scale from 15, dark orange, to 1, light pale).
Blood was collected biweekly from the wing
veins of all 10 hens of each treatment group
at 8.00 am after an overnight fasting (8 h). The
collected blood was kept on ice and centrifuged
(3,000 × g, 15 min at 4◦C) for plasma prepara-
tion. The plasma samples were stored at −20◦C
until analyses. Liver and abdominal adipose tis-
sue were collected from the hens at the end of
experiment after CO2 anesthesia. Plasma uric
acid concentration was measured using a kit
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Table 1. Composition of experimental diets as fed (g/kg).

Oil type Corn Flaxseed

DFA, % 0 3 5 0 3 5

Soybean meal 187 164 145 187 164 145
Corn 687 685 687 687 685 687
DFA1 – 30.0 50.0 – 30.0 50.0
Corn oil 15.0 15.0 15.0 – – –
Flaxseed oil – – – 15.0 15.0 15.0
Dicalcium phosphate 19.0 18.0 18.0 19.0 18.0 18.
Limestone 79.0 79.0 78.5 79.0 79.0 78.5
NaCl 5.5 0.2 5.5 0.2
Methionine 4.5 4.5 4.5 4.5 4.5 4.5
Vit/min mix2 3.0 3.0 3.0 3.0 3.0 3.0

MEn, kcal/kg 2910 2900 2900 2910 2900 2900
Crude protein, % 15.2 15.2 15.0 15.2 15.2 15.0
Lysine, % 7.3 7.3 7.2 7.3 7.3 7.2
Methionine+cysteine, % 9.5 9.4 9.3 9.5 9.4 9.3
Phosphate, % 7.1 6.9 6.9 7.1 6.9 6.9
Calcium, % 33.6 33.5 33.0 33.6 33.5 33.0

1ME of DFA was estimated as the average (2,900 kcal/kg) of various types of soybean meal listed by the NRC (reference 24)

due to the similar nutrient compositions and bioavailabilities between DFA and soybean meal and the lack of experimental or

better reference data.
2Vitamin and mineral mixture provided the following nutrients per kilogram of diet: vitamin A, 3,250 IU; vitamin B, 350 IU;

vitamin D, 5,000 IU; vitamin E, 7.5 IU; vitamin K, 0.8 mg; riboflavin, 3.2 mg; pantothenic acid, 2.4 mg; niacin, 12.9 mg;

vitamin B12, 0.005 mg; biotin, 0.12 mg; folic acid, 0.32 mg; thiamine-HCl, 0.9 mg; vitamin B6 3.3 mg; Cu, 10.2 mg; I,

0.046 mg; Mn, 26 mg; Se, 0.09 mg; ZnO, 100 mg; choline, 1320 mg; Fe, 55.1 mg; Zn, 40.17 mg.

(InfinityTM Uric Acid Liquid Stable Reagent,
Thermo scientific, Middletown, VA). Plasma tri-
acylglycerol and cholesterol were measured us-
ing kits from Wako Chemical (Richmond, VA).

Fatty Acids Analysis

Lipids were extracted from egg yolk, plasma,
liver, and adipose tissue according to Folch et al.
[24]. Fatty acids were methylated with methano-
lic sulfuric acid (1%) as described by Christie,
1993[25]. Tritridecanoin (Sigma-Aldrich Co.,
St Louis, MO) was used as an internal stan-
dard, and each fatty acid was identified by
its retention time with fatty acid methyl es-
ter standard (Sigma-Aldrich Co.). Methyl esters
of fatty acids were analyzed using a gas chro-
matography instrument (Agilent 6890 N, Agilent
Technologies, Santa Clara, CA) fitted with a
flame-ionization detector. A fused-silica capil-
lary column coated with CP-SIL 88 for fatty acid
methyl esters (100 m × 0.25 mm i.d., 0.2 mm
film thickness) was used (Varian Inc., Lake For-
est, CA). Oven temperature was programmed to
be held for 4 minutes at 140◦C, increased by 4◦C
per minute to 220◦C, and then held for 5 min-

utes. Carrier gas was N2 with constant flow rate
of 45 mL/minute and injector temperature was
230◦C and detector temperature was 280◦C.

Statistical Analysis

Data were analyzed as a 2 by 3 factorial
arrangement of treatments by GLM procedure
using the SAS system [26] with Duncan’s post
hoc test. Significance of differences was defined
at P < 0.05.

RESULTS AND DISCUSSION

Performance and Biochemical Indices

Total body weights, liver weights, and feed
intake were not affected by either oil sources or
DFA concentrations (Table 2, Values are mean
+ SE (n = 10)). All hens showed >95% of
egg production that was not affected by the di-
etary treatments. Egg component weights (whole
egg, egg yolk, albumen, and egg shell) were not
affected by the dietary treatments either. Two
previous studies by our group have shown
that supplementation of different types of
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Table 2. Effects of oil type and defatted microalgae supplementation on performance and egg production and
quality of hens.

Oil type Corn Flaxseed

DFA, % 0 3 5 0 3 5

Body weight, g
Week 0 1,420 ± 64 1,500 ± 88 1,470 ± 71 1,460 ± 88 1,460 ± 96 1,440 ± 99
Week 3 1,420 ± 72 1,470 ± 92 1,460 ± 102 1,450 ± 114 1,430 ± 102 1,440 ± 94
Week 6 1,430 ± 107 1,490 ± 93 1,480 ± 109 1,480 ± 87 1,450 ± 115 1,470 ± 94

Liver weight, g 40.6 ± 7.95 43.4 ± 8.80 40.1 ± 6.14 40.7 ± 5.75 41.4 ± 7.91 40.1 ± 5.24
Liver, % of BW 2.83 ± 0.44 2.90 ± 0.50 2.70 ± 0.35 2.79 ± 0.32 2.83 ± 0.45 2.72 ± 0.25
Feed Intake, g/d 92.1 ± 4.59 93.2 ± 3.11 94.6 ± 7.15 92.4 ± 5.67 92.4 ± 5.67 95.5 ± 6.50
Egg Production, % 98.9 ± 1.72 98.8 ± 3.02 99.8 ± 1.35 99.3 ± 4.60 99.2 ± 1.68 98.3 ± 4.49

Egg component
Whole egg, g

Week 0 54.3 ± 3.7 55.4 ± 2.6 54.1 ± 3.1 55.5 ± 4.2 55.3 ± 2.7 56.3 ± 3.2
Week 3 55.4 ± 2.9 54.9 ± 3.2 55.6 ± 3.2 57.2 ± 3.7 56.5 ± 5.1 55.7 ± 2.8
Week 6 54.3 ± 2.8 54.5 ± 3.3 55.1 ± 3.0 56.1 ± 5.3 54.1 ± 4.5 54.2 ± 2.4

Albumen, g
Week 0 32.7 ± 2.6 33.1 ± 2.1 32.6 ± 2.1 33.8 ± 3.3 33.6 ± 2.4 34 ± 3.2
Week 3 32.8 ± 2.4 33.2 ± 2.5 34 ± 3.2 34.5 ± 2.5 34.6 ± 3.8 33.8 ± 2.6
Week 6 30.3 ± 2.8 30.0 ± 2.8 31.3 ± 2.8 31.7 ± 4.7 31.7 ± 3 30.5 ± 2.5

Yolk, g
Week 0 13.8 ± 1.2 14.3 ± 1.0 13.6 ± 0.9 13.9 ± 1.1 13.9 ± 1 14.2 ± 1.1
Week 3 14.3 ± 1.0 14.0 ± 1.2 14.4 ± 0.8 14.6 ± 1.1 14.1 ± 1.2 14.2 ± 1.1
Week 6 15.8 ± 1.4 16.3 ± 0.9 16.2 ± 0.8 16.3 ± 0.9 16 ± 1.6 16.4 ± 1.5

Egg shell, g
Week 0 5.4 ± 0.3 5.5 ± 0.4 5.5 ± 0.4 5.4 ± 0.3 5.4 ± 0.4 5.7 ± 0.3
Week 3 5.5 ± 0.4 5.3 ± 0.3 5.3 ± 0.6 5.4 ± 0.4 5.4 ± 0.6 5.5 ± 0.3
Week 6 5.5 ± 0.5 5.6 ± 0.3 5.6 ± 0.4 5.7 ± 0.4 5.5 ± 0.6 5.6 ± 0.5

Color1

Week 0 9.9 ± 0.7 9.4 ± 1.0 10.1 ± 0.7 9.7 ± 1.3 10 ± 0.8 10.1 ± 0.6
Week 3 6.6 ± 0.5e 10.4 ± 0.8d 13.3 ± 0.8b 7.2 ± 0.6e 12.2 ± 0.8c 14.0 ± 0.7a

Week 6 7.3 ± 0.6d 10.8 ± 0.8b 13.1 ± 0.3a 7.9 ± 0.6c 10.8 ± 0.7b 12.8 ± 0.4a

1Egg yolk color was measured using the Hoffman-LaRoche 15-point color pan with a scale ranging from 1, light pale, to 15,

dark orange.

Values are mean + SE (n = 10).
a–dMeans in same row without a common letter differ (P < 0.05).

BW: body weight; g/d: grams per day.

microalgae, ranging from 15 to 25% in laying
hen diets, for up to 20 wk did not affect body
weight, egg production rate, or egg components
[21, 27]. Earlier studies by other groups have
also supported that hens are tolerant to various
sources of microalgal biomass [28–31]. Mean-
while, the inclusion of 1.5% FO in the diets
did not impair egg production or hen health, al-
though strong negative effects of 5% or greater
concentrations of FO inclusion were reported
previously [32, 33]. Notably, egg yolk color be-
came darker (P < 0.05) with increased DFA
inclusion levels in both FO and CO-fed hens.
The differences of egg yolk color were found
at wk 2 (data not shown), but showed no time-
dependent increments. This DFA-mediated yolk

color change is likely explained by its rich con-
tents of carotenoids such as β-carotene, lutein,
zeaxanthin, and astaxanthin, and is consistent
with previous findings by us and others [27,
34, 35]. In addition, plasma total triglycerides,
cholesterol, and uric acid concentrations were
not affected by dietary treatments (Table 3). This
is fairly similar to previous results [19, 27].

Fatty Acid Composition of Egg Yolk

Compared with hens fed CO, hens fed FO
(1.5%) had greater (P < 0.05) concentrations
of PUFA, EPA, DHA, and ALA and lower
(P < 0.05) concentrations of LA (C18:2n6) and
saturated fatty acids in the egg yolks by wk 3
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Table 3. Effects of oil type and defatted microalgae supplementation on hen plasma concentrations of
triglyceride, cholesterol, and uric acid.

Oil type Corn Flaxseed

DFA, % 0 3 5 0 3 5

Triglyeride, mg/dL
Week 2 1,570 ± 831 1,980 ± 727 1,560 ± 779 1,290 ± 353 1,330 ± 695 1,400 ± 442
Week 4 1,630 ± 1,340 1,630 ± 802 1,160 ± 724 1,030 ± 584 1,050 ± 555 1,270 ± 620
Week 6 1,030 ± 373 1,010 ± 370 954 ± 189 1,050 ± 411 915 ± 463 1,050 ± 494

Cholesterol, mg/dL
Week 2 131 ± 47 148 ± 43 130 ± 49 110 ± 29 111 ± 32 128 ± 17
Week 4 139 ± 57 129 ± 38 118 ± 48 100 ± 23 109 ± 30 125 ± 35
Week 6 127 ± 29 137 ± 48 154 ± 49 117 ± 25 116 ± 25 139 ± 44

Uric acid, mg/dL
Week 2 2.90 ± 0.85 2.31 ± 0.37 3.75 ± 1.91 2.36 ± 0.48 3.29 ± 1.01 2.85 ± 0.62
Week 4 2.23 ± 0.51 2.13 ± 0.50 2.18 ± 0.52 2.24 ± 0.96 2.67 ± 1.46 2.22 ± 0.56
Week 6 2.67 ± 1.28 2.75 ± 1.18 3.11 ± 1.31 3.21 ± 1.13 2.82 ± 0.95 2.56 ± 0.96

Values are mean + SE (n = 10).

(Table 4, Values are mean + SE (n = 10)).
With a combined decrease (P < 0.05) in total
n-6 fatty acid concentrations and an elevation
(P < 0.05) in total n3 fatty acid concentrations,
the egg yolk from hens fed FO showed an im-
proved n6:n3 fatty acid ratio from >9 to <2 over
those fed CO. Apparently, supplemental FO, as
low as 1.5%, in the corn-soy basal diet in re-
placement of CO was effective in enriching n-3
fatty acids and improving n6:n3 fatty acid ratios
in the egg yolk. Specifically, feeding this FO diet
from 3 wk elevated egg yolk concentrations of
ALA by 26-fold (from 0.21 to 5.7%), EPA from
non-detectable to 0.11%, and DHA by 2-fold
(from 1.3 to 3.5%). To our best knowledge, this
represents the first study to explore such effects
of FO at concentrations lower than 3%. Indeed,
Elkin et al. reported that feeding hens 5% FO di-
ets produced eggs with 2.6% ALA, 0.56% EPA
and 5.2% DHA in the yolk, however, the 5% FO
diet exerted negative effects on body weights of
hens [36]. Furthermore, FO is fairly expensive.
Thus, our results will help explore low levels of
FO to enrich n-3 fatty acids in eggs. FO used
in the present study contained a high concentra-
tion of ALA (62.7%), without detectable EPA or
DHA. Its ability to enrich EPA and DHA in the
egg yolk supports a recent discovery that chick-
ens have enhanced activities of elongases 2 and
5 that help convert ALA to EPA and DHA [37].
In contrast, CO contained little ALA, resulting
in no change in EPA or DHA in the egg yolk.

One of the main objectives of this study was
to determine if supplementing low levels of DFA

enriched n-3 fatty acids in the egg yolk and tis-
sues (below) and if the DFA-mediated enrich-
ment was different between in hens fed the FO
and CO diets. Our results (Table 5) indicated that
supplemental DFA produced (P < 0.05) moder-
ately dose-dependent enrichment of EPA and to-
tal n-3 fatty acids in the egg yolk of hens fed the
FO diets. In comparison, supplemental DFA pro-
duced (P < 0.05) dose-dependent enrichments
of DHA in egg yolk of hens fed the CO diets.
The supplemental DFA also improved (P < 0.05)
n6:n3 fatty acid ratio in the egg yolk of these hens
from 21 to 13–14. While it is fascinating to ob-
serve a different impact of DFA on the type of
n-3 fatty acids in the egg yolk of hens fed the
two types of oil, the overall enhancements in ei-
ther EPA or DHA were modest or minimal. It is
likely that the inclusion rates of DFA used in this
study were too low to produce sizable responses.
Although EPA accounted for 16.4% of the fat in
DFA, the biomass contained only 1.5% crude fat
(Table 6). Therefore, future research will need
to find out adequate inclusion rates of DFA for
a meaningful enrichment of EPA and DHA in
eggs. It is useful to mention that the major fatty
acid in the egg yolk was oleic acid (C18:1n-9),
followed by palmitic acid (C16:0). Concentra-
tions of these fatty acids in the egg yolk were
not affected by the oil type or the DFA sup-
plementation. Interestingly, enrichments of EPA
and DHA in egg yolk by feeding hens FO and
DFA were detected by wk 2, reached the peak
by wk 3, and then started declining (data not
shown).
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Table 4. Effects of oil type and defatted microalgae supplementation on hen plasma fatty acid composition (%) at
weeks 2, 4, and 6.

Oil type Corn Flaxseed

DFA, % 0 3 5 0 3 5

C18:1n9
Week 2 46.1 ± 1.55a 45.8 ± 0.82a,b 43.9 ± 2.16b 47.6 ± 2.23a 47.4 ± 1.40a 47.8 ± 2.07a

Week 4 46.5 ± 2.10 47.7 ± 1.36 47.6 ± 6.69 47.7 ± 1.71 45.6 ± 1.84 47.2 ± 2.10
Week 6 43.4 ± 3.89 43.4 ± 1.95 44.1 ± 2.78 44.9 ± 2.67 42.3 ± 3.63 44.0 ± 1.98

C18:2n6
Week 2 17.4 ± 0.33a 17.4 ± 0.91a 17.7 ± 1.5a 13.4 ± 1.51b 13.2 ± 1.45b 12.5 ± 1.96b

Week 4 16.4 ± 1.79a 15.8 ± 0.91a 16.8 ± 1.30a 13.1 ± 1.3b 13.6 ± 1.24b 12.7 ± 1.85b

Week 6 16.7 ± 2.45a 16.3 ± 0.83a 15.8 ± 1.21a 12.6 ± 1.07b 13.4 ± 1.3b 13.0 ± 1.63b

C18:3n3 (ALA)
Week 2 0.36 ± 0.04b 0.38 ± 0.05b 0.33 ± 0.17b 2.67 ± 0.89a 2.31 ± 0.69a 2.31 ± 0.43a

Week 4 0.33 ± 0.06b 0.37 ± 0.06b 0.37 ± 0.09b 2.29 ± 0.68a 2.41 ± 0.74a 2.49 ± 0.53a

Week 6 0.00 ± 0.00b 0.00 ± 0.00b 0.08 ± 0.17b 2.65 ± 0.64a 2.72 ± 0.85a 2.45 ± 0.5a

C20:5n3 (EPA)
Week 2 0.00 ± 0.01d 0.03 ± 0.01c 0.05 ± 0.01c 0.11 ± 0.02b 0.13 ± 0.02b 0.15 ± 0.02a

Week 4 0.02 ± 0.02d 0.04 ± 0.01c,d 0.05 ± 0.01c 0.12 ± 0.02b 0.13 ± 0.03b 0.17 ± 0.03a

Week 6 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.03 ± 0.08
C22:6n3 (DHA)

Week 2 1.22 ± 0.17e 1.67 ± 0.13d 2.18 ± 0.11c 3.56 ± 0.2b 3.74 ± 0.32a,b 3.98 ± 0.61a

Week 4 1.27 ± 0.19c 1.81 ± 0.16b 2.06 ± 0.22b 3.86 ± 0.33a 3.94 ± 0.53a 3.94 ± 0.41a

Week 6 1.62 ± 0.31c 2.44 ± 0.23b 2.51 ± 0.39b 4.89 ± 0.81a 5.35 ± 0.3a 5.29 ± 0.63a

MUFA
Week 2 48.1 ± 1.52a 47.9 ± 0.90a,b 46.1 ± 2.39b 49.6 ± 2.12a 49.5 ± 1.49a 49.9 ± 1.96a

Week 4 48.7 ± 2.34 49.9 ± 1.29 49.8 ± 6.95 49.7 ± 1.54 47.7 ± 1.89 49.4 ± 2.10
Week 6 45.8 ± 3.77 45.4 ± 1.6 46.3 ± 2.76 46.7 ± 2.71 44.8 ± 2.49 46.2 ± 1.97

PUFA
Week 2 20.4 ± 0.57 20.8 ± 0.92 21.6 ± 1.72 20.6 ± 1.96 20.3 ± 1.92 19.8 ± 2.06
Week 4 19.2 ± 2.05 19.0 ± 1.13 20.4 ± 1.53 20.2 ± 1.94 21.0 ± 1.52 20.2 ± 2.41
Week 6 19.8 ± 2.78b 20.0 ± 0.84b 19.6 ± 1.15b 21.0 ± 2.47a,b 22.2 ± 1.61a 21.6 ± 1.31a,b

SAT
Week 2 31.5 ± 1.16a 31.3 ± 0.82a,b 32.4 ± 1.91a 29.7 ± 0.29c 30.1 ± 0.89c 30.3 ± 0.68b,c

Week 4 32.1 ± 1.10 31.1 ± 0.45 29.8 ± 7.48 30.1 ± 0.9 31.3 ± 1.54 30.4 ± 1.00
Week 6 34.5 ± 1.75a 34.6 ± 1.78a 34.1 ± 2.39a,b 32.3 ± 1.37b 33.0 ± 2.28a,b 32.2 ± 1.63b

n3
Week 2 1.58 ± 0.17c 2.09 ± 0.17b,c 2.56 ± 0.22b 6.36 ± 1.07a 6.19 ± 0.87a 6.45 ± 0.60a

Week 4 1.63 ± 0.21c 2.22 ± 0.17b 2.47 ± 0.25b 6.30 ± 0.73a 6.50 ± 0.91a 6.62 ± 0.57a

Week 6 1.62 ± 0.31c 2.44 ± 0.23b 2.59 ± 0.27b 7.54 ± 1.37a 8.07 ± 0.81a 7.76 ± 0.62a

n6
Week 2 18.8 ± 0.43a 18.7 ± 0.89a 19.0 ± 1.51a 14.3 ± 1.54b 14.2 ± 1.53b 13.3 ± 2.02b

Week 4 17.6 ± 1.88a 16.8 ± 1.00a 17.9 ± 1.32a 13.9 ± 1.39b 14.5 ± 1.3b 13.6 ± 1.87b

Week 6 18.2 ± 2.56a 17.6 ± 0.89a 17.0 ± 1.14a 13.4 ± 1.17b 14.2 ± 1.33b 13.8 ± 1.66b

n6:n3
Week 2 12.0 ± 1.08a 9.01 ± 0.79b 7.42 ± 0.21c 2.30 ± 0.44d 2.32 ± 0.36d 2.08 ± 0.4d

Week 4 10.9 ± 0.92a 7.57 ± 0.41b 7.26 ± 0.46b 2.22 ± 0.2c 2.26 ± 0.38c 2.05 ± 0.15c

Week 6 11.4 ± 1.55a 7.25 ± 0.9b 6.65 ± 0.84b 1.82 ± 0.23c 1.77 ± 0.24c 1.8 ± 0.33c

Values are mean + SE (n = 10).

ALA; alpha-linoleic acid, EPA; eicosapentaenoic acid, DHA; docosahexaenoic acid, SFA; saturated fatty acid, MUFA; mo-

nounsaturated fatty acid, PUFA; polyunsaturated fatty acid, n-3; omega-3 fatty acids, n-6; omega-6 fatty acids, n-9; omega-9

fatty acids.
a–dMeans in same row without a common letter differ (P < 0.05).

Fatty Acid Composition of Liver

Hens fed FO had lower (P < 0.05) concen-
trations of palmitic acid (C16:0) and total n-6

fatty acids, but greater (P < 0.05) concentra-
tions of ALA, EPA, DHA, PUFA, and total n-3
fatty acids in the liver than those fed CO (Table 7,
Values are mean + SE (n = 10)). Consequently,
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Table 5. Effects of oil type and defatted microalgae supplementation on egg fatty acid composition (%) at weeks
0, 3, and 6.

Oil type Corn Flaxseed

DFA, % 0 3 5 0 3 5

C18:1n9
Week 0 48.0 ± 1.35 48.2 ± 2.1 47.9 ± 1.96 48.7 ± 0.7 47.6 ± 1.54 48.0 ± 0.71
Week 3 44.1 ± 1.23a,b 44.0 ± 1.09a,b,c 44.8 ± 0.97a 43.8 ± 1.15a–c 43.1 ± 1.45b,c 42.9 ± 1.28c

Week 6 46.6 ± 1.27a 45.7 ± 1.28a,b 45.2 ± 1.93a–c 45.8 ± 0.92a,b 44.0 ± 2.0c 44.3 ± 1.75b,c

C18:2n6
Week 0 17.6 ± 2.84 16.22 ± 1.43 16.4 ± 1.52 16.3 ± 1.05 16.2 ± 1.38 16.8 ± 1.04
Week 3 19.2 ± 1.05a 18.7 ± 1.07a 17.3 ± 1.02b 14.4 ± 1.01c 14.1 ± 0.71c 13.8 ± 1.41c

Week 6 16.9 ± 1.58a 16.2 ± 1.03a 15.9 ± 1.09a 12.4 ± 0.49b 12.9 ± 1.09b 12.4 ± 1.16b

C18:3n3 (ALA)
Week 0 0.21 ± 0.04 0.19 ± 0.07 0.2 ± 0.02 0.21 ± 0.04 0.21 ± 0.03 0.21 ± 0.02
Week 3 0.57 ± 0.06b 0.55 ± 0.04b 0.49 ± 0.05b 5.69 ± 0.76a 5.7 ± 1.06a 6.25 ± 0.47a

Week 6 0.04 ± 0.05b 0.02 ± 0.04b 0.04 ± 0.05b 4.96 ± 0.75a 5.22 ± 1.08a 5.36 ± 0.5a

C20:4n6
Week 0 0.7 ± 0.09 0.68 ± 0.05 0.66 ± 0.02 0.67 ± 0.03 0.69 ± 0.03 0.7 ± 0.03
Week 3 0.68 ± 0.05 0.69 ± 0.04 0.69 ± 0.05 0.38 ± 0.02 0.41 ± 0.04 0.4 ± 0.03
Week 6 0.51 ± 0.18a 0.52 ± 0.19a 0.56 ± 0.03a 0.3 ± 0.05b 0.33 ± 0.02b 0.33 ± 0.02b

C20:5n3 (EPA)
Week 0 0.0 ± 0.01 0.01 ± 0.02 0.0 ± 0.01 0.0 ± 0.01 0.0 ± 0.0 0.0 ± 0.0
Week 3 0.0 ± 0.01d,e 0.04 ± 0.01d 0.05 ± 0.01d 0.11 ± 0.02c 0.15 ± 0.01b 0.19 ± 0.03a

Week 6 0.0 ± 0.0d 0.0 ± 0.0d 0.01 ± 0.02d 0.09 ± 0.01c 0.13 ± 0.02b 0.15 ± 0.02a

C22:6n3 (DHA)
Week 0 1.35 ± 0.21 1.36 ± 0.15 1.29 ± 0.06 1.33 ± 0.08 1.31 ± 0.09 1.34 ± 0.12
Week 3 1.0 ± 0.1d 1.41 ± 0.08c 1.65 ± 0.1b 3.48 ± 0.15a 3.64 ± 0.21a 3.6 ± 0.23a

Week 6 0.77 ± 0.07d 1.12 ± 0.07c 1.3 ± 0.11b 2.71 ± 0.15a 2.79 ± 0.13a 2.76 ± 0.16a

MUFA
Week 0 52.8 ± 6.45 50.8 ± 2.04 50.5 ± 2.15 51.3 ± 0.71 50.4 ± 1.3 50.6 ± 0.61
Week 3 47.1 ± 1.05a,b 46.9 ± 1.07a,b 48.0 ± 0.87a 46.6 ± 1.06b 46.2 ± 1.38b 46.1 ± 1.17b

Week 6 49.3 ± 1.23a 48.3 ± 1.17a,b 47.9 ± 1.99a,b 48.5 ± 0.78a,b 46.9 ± 1.94b 47.3 ± 1.69b

PUFA
Week 0 20.2 ± 3.19 18.8 ± 1.53 18.9 ± 1.54 18.8 ± 1.13 18.7 ± 1.46 19.4 ± 1.17
Week 3 21.9 ± 1.18b 21.8 ± 1.13b 20.6 ± 1.09b 24.4 ± 1.77a 24.3 ± 1.62a 24.6 ± 1.59a

Week 6 18.7 ± 1.68b 18.3 ± 1.06b 18.1 ± 1.09b 20.8 ± 1.04a 21.7 ± 2.03a 21.3 ± 1.5a,b

SAT
Week 0 27.0 ± 9.38 30.4 ± 1.61 30.6 ± 1.45 29.9 ± 0.79 30.9 ± 0.63 30.0 ± 0.69
Week 3 31.0 ± 0.84a 31.3 ± 0.77a 31.4 ± 0.48a 29.0 ± 0.96b 29.5 ± 0.82b 29.3 ± 0.78b

Week 6 32.0 ± 0.89b 33.1 ± 1.21a 33.7 ± 1.8a 30.3 ± 0.81c 31.1 ± 1.09b,c 31.0 ± 1.16c

n3
Week 0 1.56 ± 0.25 1.56 ± 0.19 1.5 ± 0.06 1.55 ± 0.09 1.52 ± 0.09 1.55 ± 0.14
Week 3 1.57 ± 0.12c 1.99 ± 0.1c 2.19 ± 0.11c 9.31 ± 0.84b 9.52 ± 1.17a,b 10.1 ± 0.58a

Week 6 0.91 ± 0.37b 1.24 ± 0.3b 1.35 ± 0.13b 7.77 ± 0.71a 8.13 ± 1.07a 8.27 ± 0.57a

n6
Week 0 18.7 ± 2.97 17.3 ± 1.45 17.4 ± 1.53 17.3 ± 1.07 17.2 ± 1.41 17.9 ± 1.05
Week 3 20.3 ± 1.09a 19.8 ± 1.07a 18.4 ± 1.06b 15.1 ± 1.04c 14.8 ± 0.73c 14.6 ± 1.46c

Week 6 17.8 ± 1.54a 17.1 ± 1.04a 16.8 ± 1.11a 13.0 ± 0.47b 13.5 ± 1.11b 13.0 ± 1.22b

n6:n3
Week 0 12.0 ± 0.84 11.2 ± 1.46 11.6 ± 1.01 11.2 ± 0.53 11.4 ± 0.88 11.6 ± 0.57
Week 3 13.0 ± 0.63a 9.92 ± 0.43b 8.42 ± 0.54c 1.63 ± 0.1d 1.57 ± 0.15d 1.45 ± 0.16d

Week 6 21.1 ± 4.49a 14.2 ± 2.48b 12.6 ± 1.54b 1.68 ± 0.13c 1.67 ± 0.13c 1.58 ± 0.15c

Values are mean + SE (n = 10).

ALA; alpha-linoleic acid, EPA; eicosapentaenoic acid, DHA; docosahexaenoic acid, SFA; saturated fatty acid, MUFA; mo-

nounsaturated fatty acid, PUFA; polyunsaturated fatty acid, n-3; omega-3 fatty acids, n-6; omega-6 fatty acids, n-9; omega-9

fatty acids.
a–dMeans in same row without a common letter differ (P < 0.05).
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Table 6. Proximate analysis and fatty acid
composition of corn oil, flaxseed oil, and DFA.

Ingredient Corn Oil Flaxseed Oil DFA

Dry matter,% – – 95.3
Crude protein,% – – 38.2
Ether extract,% 100 100 1.50
Lysine,% – – 2.27
Methionine,% – – 0.57
Cysteine,% – – 0.30
Calcium,% – – 0.28
Phosphorus,% – – 0.69

Fatty acid,%
C14:0 N.D. 0.04 7.44
C14:1 N.D. N.D. 0.12
C16:0 12.0 4.59 29.2
C16:1 0.13 0.05 25.2
C18:0 1.58 2.74 0.5
C18:1n9 27.7 14.1 12.1
C18:2n6 57.38 14.9 2.13
C18:3n3 1.01 62.7 0.11
C18:3n6 0.04 N.D. 0.42
C20:2n6 N.D. N.D. 0.14
C20:4n6 N.D. N.D. 5.84
C20:5n3 N.D. N.D. 16.4
C24:0 N.D. N.D. N.D.

SFA 13.6 7.42 37.2
MUFA 27.8 14.2 37.7
PUFA 58.4 77.7 25.1

n-3 1.01 62.7 16.5
n-6 57.4 14.9 8.6
n-9 27.7 14.2 12.2

N.D.; not detected, SFA; saturated fatty acid, MUFA; mono-

unsaturated fatty acid,

PUFA; poly-unsaturated fatty acid, n-3; omega-3 fatty acids,

n-6; omega-6 fatty acids,

n-9; omega-9 fatty acids.

the n6:n3 fatty acid ratio in the liver of the FO-
fed hens was improved (P < 0.05) from 10–15
to <3 compared with those fed CO. Moreover,
the 5% DFA inclusion elevated (P < 0.05) hep-
atic EPA concentrations of the hens fed FO over
that of 0 or 3% DFA inclusion. The DFA in-
clusion also improved (P < 0.05) hepatic n6:n3
fatty acid ratio in the hens fed CO. As the liver
is the major site for lipogenesis, the synthesized
fatty acids can be transported through plasma to
other tissues and eggs [38, 39]. This may help
explain why the FO and DFA-resultant changes
in n-3 and n-6 fatty acid concentrations were
similar between in the liver and egg yolk. Mean-
while, the potential benefit of elevating n-3 fatty
acids, in particular EPA and DHA, and the im-
proved n6:n3 fatty acid ratio in liver to the tissue

function and integrity remains a future research
question [40, 41].

Fatty Acid Composition of Adipose Tissue

Compared with hens fed CO, those fed FO
had lower (P < 0.05) concentrations of palmitic
acid (C16:0), linoleic acid (C18:2n-6), and total
n-6 fatty acids, but greater (P < 0.05) concen-
trations of ALA, PUFA, and total n-3 fatty acids
in the adipose tissue (Table 7). This resulted in
a substantial improvement (P < 0.05) of n6:n3
fatty acid ratio (from approximately 20 to 4) in
the adipose tissue of hens fed FO over those fed
CO. When hens were fed FO, the 5% DFA inclu-
sion, compared with the 3% and (or) 0% DFA
inclusion, decreased (P < 0.05) concentrations
of palmitic acid and saturated fatty acids, but el-
evated (P < 0.05) concentrations of ALA and
total n-3 fatty acids in the adipose tissue. Adi-
pose tissue functions as a main storage site of
lipid in avian species [42].The elevated concen-
trations ALA, PUFA, and n-3 fatty acids in the
adipose tissue of hens fed FO, compared with
those fed CO, was probably a reflection of the
fatty acid profile in these two sources of oil [43].
Notably, the longest carbon chain length of fatty
acids detected in the adipose tissue samples was
20 (eicosanoic acid and eicosenoic acid, data not
shown), without measurable EPA or DHA. This
is consistent with previous observations that only
very small amounts of DHA and EPA are present
in adipose tissue [44, 45]. Consequently, the lim-
ited storage capacity of long chain n-3 fatty acids
in the adipose tissue requires a continuous supply
of these fatty acids from diets and other tissues
[46].

Fatty Acid Composition of Plasma

Compared with hens fed CO, those fed FO
had greater (P < 0.05) plasma concentrations
of ALA, EPA, and DHA and lower (P < 0.05)
concentrations of plasma C18:2n6 (Table 4, Val-
ues are mean + SE (n = 10)) at various time-
points. The simultaneous elevation (P < 0.05)
of n-3 fatty acids and decrease (P < 0.05) of
n-6 fatty acids in the plasma of hens fed FO im-
proved (P < 0.05) the n6:n3 fatty acid ratio over
that of hens fed CO. Supplemental DFA elevated
(P < 0.05) plasma concentrations of EPA, DHA,



536 JAPR: Research Report

Table 7. Effects of oil type and defatted microalgae supplementation on hen liver and adipose fatty acid
composition (%) at week 6.

Oil type Corn Flaxseed

DFA, % 0 3 5 0 3 5

Adipose tissue
C16:0 19.4 ± 0.78a 19.2 ± 0.64a 19.4 ± 1.17a 18.3 ± 0.56b,c 19.0 ± 1.02a,b 17.9 ± 0.99c

C18:1n9 46.5 ± 1.74 46.1 ± 1.23 45.1 ± 1.41 45.5 ± 1.21 44.7 ± 1.16 45.4 ± 1.46
C18:2n6 21.5 ± 1.77a 21.8 ± 0.91a 22.6 ± 1.37a 20.2 ± 0.32b 19.8 ± 1.12b 19.6 ± 0.97b

C18:3n3 (ALA) 1.06 ± 0.12c 1.12 ± 0.11c 1.16 ± 0.12c 4.73 ± 0.42b 4.74 ± 0.59b 5.47 ± 1.39a

SAT 27.8 ± 1.12a 27.4 ± 1.02a,b 28.0 ± 1.69a 26.6 ± 0.86a,b 27.6 ± 1.49a 26.1 ± 1.26b

MUFA 49.5 ± 1.87 49.5 ± 1.14 48.1 ± 1.50 48.4 ± 1.33 47.8 ± 1.09 48.8 ± 1.46
PUFA 22.7 ± 1.89b 23.1 ± 0.91b 23.9 ± 1.36a,b 25.0 ± 0.73a 24.7 ± 1.47a 25.2 ± 1.73a

n3 1.06 ± 0.12c 1.12 ± 0.11c 1.16 ± 0.12c 4.73 ± 0.42b 4.74 ± 0.59b 5.47 ± 1.39a

n6 21.6 ± 1.81a 22.0 ± 0.90a 22.8 ± 1.38a 20.3 ± 0.38b 19.9 ± 1.12b 19.7 ± 0.95b

n6:n3 20.4 ± 1.82a 19.9 ± 2.31a 19.9 ± 2.83a 4.32 ± 0.33b 4.25 ± 0.48b 3.83 ± 1.05b

Liver tissue
C16:0 22.1 ± 0.90a 22.1 ± 0.7a 21.9 ± 0.66a,b 20.6 ± 0.79c 20.9 ± 1.12b,c 20.3 ± 1.22c

C18:1n9 49.8 ± 3.20 50.2 ± 2.41 49.1 ± 3.88 49.7 ± 1.58 49.7 ± 2.63 47.3 ± 3.45
C18:2n6 12.9 ± 2.46 12.4 ± 0.78 12.9 ± 2.29 11.2 ± 2.05 11.5 ± 3.14 12.9 ± 3.17
C18:3n3 (ALA) 0.20 ± 0.16b 0.18 ± 0.11b 0.26 ± 0.2b 2.16 ± 0.58a 2.13 ± 0.98a 2.06 ± 0.59a

C20:5n3 (EPA) 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 0.11 ± 0.03b 0.10 ± 0.03b 0.15 ± 0.08a

C22:6n3 (DHA) 0.84 ± 0.38c 1.05 ± 0.41c 1.24 ± 0.51b,c 2.45 ± 0.83a,b 2.15 ± 0.78a 3.05 ± 1.44a

SFA 32.8 ± 1.34 32.6 ± 1.33 33.2 ± 2.44 31.1 ± 1.55 31.0 ± 2.34 31.0 ± 1.72
MUFA 52.1 ± 3.81 52.6 ± 2.60 51.2 ± 4.09 52.0 ± 1.6 52.3 ± 2.75 49.7 ± 3.84
PUFA 15.1 ± 3.18 14.8 ± 1.45 15.5 ± 2.6 16.9 ± 2.43 16.7 ± 4.06 19.3 ± 4.03

n3 1.04 ± 0.48b 1.23 ± 0.46b 1.50 ± 0.46b 4.71 ± 0.57a 4.37 ± 0.95a 5.26 ± 1.31a

n6 14.1 ± 2.88 13.5 ± 1.05 14.0 ± 2.34 12.2 ± 2.12 12.3 ± 3.16 14.1 ± 3.29
n6:n3 15.3 ± 4.69a 12.0 ± 3.43b 9.77 ± 2.36b 2.59 ± 0.44c 2.81 ± 0.22c 2.73 ± 0.61c

Values are mean + SE (n = 10).

ALA; alpha-linoleic acid, EPA; eicosapentaenoic acid, DHA; docosahexaenoic acid, SFA; saturated fatty acid, MUFA; mo-

nounsaturated fatty acid, PUFA; polyunsaturated fatty acid, n-3; omega-3 fatty acids, n-6; omega-6 fatty acids, n-9; omega-9

fatty acids.
a–cMeans in same row without a common letter differ (P < 0.05).

and n-3 fatty acids at all or certain time-points.
This resulted in improved (P < 0.05) n6:n3 fatty
acid ratio in plasma of hens fed CO. Supple-
mental DFA also affected (P < 0.05) plasma
concentrations of EPA and(or) DHA in hens fed
FO, but the effect was either minimal or variable
with time points. It is well known that dietary
fat intakes modify plasma fatty acid profiles in
humans and animals [33, 35]. Thus, differences
in the plasma n-3 fatty acid profiles between the
hens fed the two types of oil may be partially
explained by their distinct fatty acid composi-
tions. However, the seemingly stronger effect
of supplemental DFA on the plasma EPA and
DHA concentrations in hens fed the CO diets
than the FO diets remains unclear. Plasma fatty
acids ultimately are used for either metabolism,
where they are catabolized for energy, or stored
in the tissue as phospholipids or lipoproteins
[47]. During egg yolk synthesis hens will utilize

plasma fatty acids, often absorbed directly from
the small intestine [48]. Since hens are contin-
ually producing egg yolks in their ovaries once
they reach sexual maturity, their yolks will be
enriched with fatty acids that are present in the
blood and ultimately from their diet [49]. Fatty
acid transporters in the ovary, adipose tissue, and
liver of the hen may selectively transport n-3
fatty acids when they reach a certain threshold
in the blood, which could explain why the DFAs
contribution was lessened when supplemented
with FO.

CONCLUSIONS AND
APPLICATIONS

1. Supplemental 1.5% FO in a corn-soy diet for
hens enhanced n-3 fatty acid concentration
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and improved n6:n3 fatty acid ratios in the
egg yolk, liver, and plasma.

2. Supplementation of 3 and 5% DFA moder-
ately enriched n-3 fatty acids in hen liver,
plasma, and egg.

3. Effects of feeding DFA on lowering n-6 to
n3 fatty acid ratios in egg yolk and tissues
were more pronounced in hens fed FO than
in those fed CO.
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