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ABSTRACT This study investigated the dietary ef-
fect of steam-pelleted rapeseed (RS) diets with differ-
ent inclusion levels on the fatty acid composition of
chicken meat and the expression of lipid metabolism-
related genes in the liver. Experimental diets included
6 different wheat-soybean meal based diets either in
nonpelleted or steam-pelleted form supplemented with
80, 160, and 240 g RS/kg feed and one nonpelleted
wheat-soybean meal based diet without RS supplemen-
tation as the control. These diets were fed to newly
hatched broiler chickens (Ross 308) for 34 days. Com-

pared to the control diet, steam-pelleted diets con-
taining 160 or 240 g/kg RS significantly increased the
content of omega-3 long chain polyunsaturated fatty
acids (n-3 LC-PUFA) in the breast and drumstick,
while their meat yields were not affected. Moreover,
the mRNA levels of fatty acid desaturase 1 (FADS1)
and acyl-coenzyme A oxidase 1 (ACOX1) in their liv-
ers increased. Therefore, steam-pelleted diets with 160
or 240 g/kg RS can be used to increase the n-3 LC-
PUFA content in chicken meat without compromising
meat yield.
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INTRODUCTION

The long chain omega-3 polyunsaturated fatty acids
(n-3 LC-PUFA), e.g. eicosapentaenoic acid (EPA,
20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3),
provide well-known beneficial effects on human health.
These effects mainly include a reduced risk of cardio-
vascular disease (CVD), a role in human brain devel-
opment, and anti-inflammatory properties (Howe et al.,
2006; Calder, 2014). Because the biosynthesis of the n-3
LC-PUFA in the human body is limited, n-3 LC-PUFA
are regarded as dietary essentials (Givens and Gibbs,
2008). Hence fatty fish, whose n-3 LC-PUFA content
is high, is recommended for regular consumption. Be-
cause the intake level of EPA and DHA in healthy
populations is negatively related to the risk of devel-
oping CVD in a dose-dependent way up to 250 mg/d
(one to 2 servings/week of fatty fish), the European
Food Safety Agency (EFSA) has proposed a recom-
mended daily intake of 250 mg/d EPA and DHA for
adults. However, in European countries, the daily in-
take of EPA and DHA is below 100 mg/d, particu-
larly in young people, because of an aversion to eating
oily fish (Givens and Gibbs, 2008). Moreover, concerns
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about the possible presence of harmful environmen-
tal pollutants (e.g., dioxins, polychlorinated biphenyls,
methylmercury, and pesticides) in some fish species
also restrict fatty fish consumption (Tur et al., 2012;
Bhalerao et al., 2014).

In developed countries, besides fish and seafood, im-
portant sources of n-3 LC-PUFA are meat and meat
products, including poultry products. Poultry products
account for over 40% of the total meat consumption
(Jankowski et al., 2012). Lipid composition of edible tis-
sues of monogastric animals, such as poultry and pig,
can be relatively easily manipulated by altering their
dietary lipid composition (Rymer and Givens, 2005).
Poultry meat enriched with n-3 PUFA has thus a con-
siderable potential to facilitate our dietary intake of
EPA and DHA (Givens and Gibbs, 2008; Bhalerao et
al., 2014). Traditionally, EPA and DHA are enriched
in poultry meat by including fish oil in poultry diets.
However, this inclusion is costly and may introduce un-
desirable flavor and odor to the meat. Moreover, the
continued and increased use of fish oils is not sustain-
able, and alternatives are required.

Full-fat rapeseed (RS), which contains about 41%
oil and 21 to 23% protein, has long been recognized
as a valuable source of protein and energy for an-
imal feed (Ajuyah et al., 1993). Moreover, RS also
has been known as a good source of α-linolenic acid
(ALA, C18:3n-3), which can be readily converted to
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n-3 LC-PUFA in poultry (Ajuyah et al., 1991b). As a
result, there is a growing interest in the feed industry in
using full-fat RS in poultry diets (Assadi et al., 2011).
However, the use of RS in poultry diets has previously
been limited because of a concern about its antinutri-
tional content, mainly the degradation products of glu-
cosinolates, shown to adversely affect poultry growth
performance (Khajali and Slominski, 2012). However,
the glucosinolate content in modern rapeseed varieties,
e.g., double-zero RS, has been widely improved through
plant breeding and is generally not considered prob-
lematic today. The degradation process of glucosino-
lates is catalyzed by the enzyme myrosinase present
in the seeds. However, heat treatment, such as the
steam-pelleting process, can efficiently inactivate this
enzyme, thus reducing or eliminating the adverse effects
(Campbell and Slominski, 1990). The pelleting process
has been shown to improve lipid availability in RS, and
might enhance the absorbance and utilization of dietary
lipid (Barekatain et al., 2015). However, this process is
energy demanding, and farmers who prefer to use home-
mixed diets may not have the possibility to pellet the
feed. To date, most studies on the effect of a steam-
pelleted RS diet have focused on bird growth perfor-
mance, and few have examined its effect on the nutri-
tional values of chicken meat, particularly its fatty acid
composition.

In chicken, the liver is the main site of fatty
acid synthesis, accounting for 95% of the de novo
FA synthesis, and it is generally assumed almost all
fat accumulating in broiler adipose tissue is synthe-
sized in the liver or derived from the diet (Zhang
et al., 2013). Several enzymes are involved in the
lipid homeostasis, and changes in dietary fatty acid
composition are known to influence the expression of
gene coding for these enzymes (Jordal et al., 2005;
Torstensen et al., 2009; Mirshekar et al., 2015), such
as lipoprotein lipase (LPL; Goldberg et al., 2008),
the sterol regulatory element binding transcription fac-
tor 2 (SREBF2; Goldberg et al., 2008), fat mass
and obesity-associated (FTO; Wang et al., 2012), and
fatty acid-binding proteins (FABP; Murai et al., 2009).
Moreover, conversion of ALA to n-3 LC-PUFA in-
volves a series of elongation and desaturation steps,
catalyzed by enzymes, such as elongase of very long
chain fatty acids and fatty acid desaturase 1 and 2
(FADS1 and FADS2), as well as acyl-coenzyme A ox-
idase 1 (ACOX1), and liver carnitine palmitoyl trans-
ferease 1 (L-CPT1) involved in oxidation of fatty
acids.

This study aimed to examine the dietary ef-
fects of different RS inclusion levels in combina-
tion with the steam-pelleting process of the feed
on the expression of genes involved in hepatic lipid
metabolism and the fatty acid composition of chicken
breast and drumstick meat. Moreover, the effects
of these dietary treatments on meat yield were
considered.

MATERIALS AND METHODS

Animals and Housing

A total of 280 unsexed one-day-old broiler chickens
(Ross 308) was randomly divided into 35 pens (1.50
× 0.75 m) with 8 chickens per pen. Pens were ran-
domly assigned to one of 7 dietary treatments, giv-
ing 5 replicates per treatment. Pens were raised from
the floor, equipped with solid floors covered with fresh
wood shavings. Room temperature was gradually de-
creased from 33◦C on d zero to 23◦C on d 24 and kept
at 23◦C until chickens were sacrificed. Continuous ar-
tificial light was set to 24 h for the first 2 d, and then
the dark period was gradually increased to 6 h from d 8
of age to slaughter at 34 days. Chickens had free access
to water and feed throughout the experiment. The ex-
periment was approved by the ethical committee of the
Uppsala region, Sweden (approval number C 334/12).

Experimental Design and Diets

Chickens were fed one of 7 different experimental di-
ets (Table 1) for 34 days. The control diet was a nonpel-
leted wheat-soybean meal based diet with RS inclusion
level at zero g/kg. In the experimental diets, 3 RS in-
clusion levels of 80 g/kg, 160 g/kg, and 240 g/kg were
tested as nonpelleted diets (RS8N, RS16N, and RS24N,
respectively) and steam-pelleted diets (RS8P, RS16P,
and RS24P, respectively). RS was finely ground be-
fore being mixed into the wheat-soybean meal based di-
ets and either not processed or steam-pelleted to reach
75◦C. These diets were formulated to be isoenergetic
and isonitrogenous with a calculated content of 200 g
crude protein and 12.3 MJ of metabolizable energy/kg
feed. The ingredient and chemical composition of the 7
experimental diets are described in Table 1. The fatty
acid compositions of the 7 experimental diets are shown
in Table 2.

Sampling

On d 34, birds were weighed group-wise and an av-
erage mean value per pen was calculated. Feed in-
take also was recorded on pen basis. One average sized
chicken per pen was selected and sent to an experimen-
tal slaughter facility. Chickens were electrically stunned
and bled by cutting the carotid artery and the external
jugular vein. After bleeding, chickens were placed in a
scalding tank with an average temperature of 60◦C for
2 min, and then immediately defeathered using an au-
tomatic turning defeathering machine. Next, carcasses
were eviscerated. Liver samples were collected, snap-
frozen in liquid nitrogen, and stored at −80◦C. Car-
cass parts, i.e., breast with ribs and drumstick, were
removed and weighed, and then muscle samples for
fatty acid composition analysis were taken and stored
at −80◦C until analysis.
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Table 1. Ingredient and analyzed composition, as-is basis, of the 7 experimental diets.

Control RS8N RS8P RS16N RS16P RS24N RS24P

Ingredient %
Wheat 64 62 62 57 57 43 43
Soy bean meal 26 24 24 21 21 28 28
Rape seed 0 8.0 8.0 16 16 24 24
AK-standard1 5.7 3.0 3.0 1.0 1.0 1.0 1.0
Limestone 1.6 1.6 1.6 2.4 2.4 2.2 2.2
Mono calcium phosphate 0.7 0.8 0.8 0.8 0.8 0.9 0.9
L-Lysine- HCl 0.36 0.32 0.32 0.31 0.31 0.03 0.03
DL- Methionine 0.24 0.23 0.23 0.22 0.22 0.19 0.19
L-Threonine 0.06 0.04 0.04 0.02 0.02 0.00 0.00
Premix 0.25 0.20 0.20 0.20 0.20 0.20 0.20
Sodium chloride 0.21 0.21 0.21 0.21 0.21 0.31 0.31
Mono sodium phosphate 0.17 0.16 0.16 0.17 0.17 0.24 0.24
Chemical composition (Analyzed) g/kg
DM 870 870 870 880 870 880 870
Ash 41 42 51 60 55 71 68
Crude protein 210 200 190 200 190 190 200
Crude fiber 26 28 38 31 35 32 37
Ether extract 71 74 50 100 89 116 129
Glucosinolates (μmol/g) 0 0.87 0.87 2.64 1.74 3.54 2.64

1Liquid vegetable fat comprising a mixture of fatty acids (AkoFeed Standard, AkoFeed, Karlshamn, Sweden).
Abbreviations: nonpelleted rapeseed (RS) diets with RS inclusion levels at 80 g/kg (RS8N), 160 g/kg (RS16N), and 240 g/kg (RS24N);

steam-pelleted diets with RS inclusion levels at 80 g/kg (RS8P), 160 g/kg (RS16P), and 240 g/kg (RS24P).

Table 2. Fatty acid composition of 7 experimental diets (mg/100 g as-is basis, least square means).

Control RS8N RS8P RS16N RS16P RS24N RS24P

C12:0 50 27 39 9 18 9 14
C14:0 44 26 22 11 15 14 13
C16:0 1350 942 454 592 561 728 613
C16:1n-7 7.0 11 8.7 15 12 22 18
C17:0 4.7 2.7 2.1 2.5 2.6 1.8 2.8
C18:0 456 306 160 188 174 247 204
C18:1n-9 1680 2650 1670 3470 2870 5190 4160
C18:1n-7 55 130 99 200 170 290 250
C18:2n-6 1300 1500 1200 1700 1500 2300 1900
C18:3n-3 120 330 220 510 410 770 620
C20:0 24 30 22 38 32 56 46
C20:1n-9 15 42 32 65 52 98 78
C22:0 11 16 12 22 18 30 25
C22:4n-6 7.0 8.4 5.7 10 7.9 13 11
C24:1 0.0 0.0 2.4 8.2 6.3 12 9.9
Total 5186.0 6090.0 3772.9 6853.5 5851.5 9764.2 7961.8
LA/ALA 10.6 4.6 4.7 3.4 3.7 2.9 3.1
SAFA 1959.5 1353.4 712.0 862.9 820.8 1086.8 917.6
MUFA 1754.4 2828.7 1814.3 3759.2 3109.1 5618.2 4510.6
PUFA 1428.8 1884.2 1240.7 2231.4 1921.6 3059.2 2533.6

SAFA, saturated fatty acids (C12:0, C14:0, C16:0, C17:0, C18:0, C20:0, C22:0); MUFA, monounsaturated fatty acids (C16:1n-7,
C18:1n-9, C18:1n-7, C20:1n-9, C24:1); PUFA, polyunsaturated fatty acids (C18:2n-6, C18:3n-3, C22:4n-6). Abbreviations, see Table 1.

Feed and Fatty Acid Analysis

Dry matter, ash, crude protein, crude fiber, and ether
extract for each diet were determined as previously de-
scribed (Kalmendal and Tauson, 2012). The glucosino-
lates were analyzed according to ISO method-106331
(ISO, 1995). The total lipids from feed, breast mus-
cle, and drumstick muscle were extracted according
to the method of Hara and Radin (1978). Fatty acid
methyl esters (FAME) from the feed and muscle tis-
sues were prepared according to Appelqvist (1968),
and FAME were analyzed by gas-liquid chromatogra-
phy (GC) using a CP-3800 GC instrument (Varian AB,
Stockholm, Sweden) equipped with a fused silica cap-
illary column BPX 70 (50 m, 0.25 mm inner diameter,

0.25 μm film thickness, SGE, Austin, TX; Fredriksson
Eriksson and Pickova, 2007). Peaks were identified by
comparing their retention times with those of corre-
sponding fatty acids in the standard mixture GLC-68
A (Nu-chek Prep, Elysian, MN). Peak areas were inte-
grated using Star chromatography workstation software
version 5.5 (Varian AB, Stockholm, Sweden), and
fatty acids were quantified using the internal stan-
dard methyl-15-methylheptadecanoate (Larodan Fine
Chemicals AB, Malmö, Sweden).

Gene Expression Analysis

Gene expression in the liver was investigated by
quantitative real-time PCR using an array of target
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Table 3. Primers used for gene expression analysis.

Gene Accession no. Forward (5′-3′) Reverse (5′-3′) Amplicon (bp)

FADS1 XM 420557 GAGCCATCGGTGAGGGTTTC CTCCAGTCCTTTCCTTGCGT 186
FADS2 NM 001160428 ACTGGTGGAACCATCGTCAC GCAGAGGTGGGAAGATGAGG 189
L-CPT1 AY675193 GCCCTGATGCCTTCATTCAA ATTTTCCCATGTCTCGGTGA 60
ACOX1 NM 001006205 CCAGTCAGCTTGGTAGAGGC AGTGACAGTGTGCCTCAGATG 160
GAPDH NM 204305 GCTAAGGCTGTGGGGAAAGT TCAGCAGCAGCCTTCACTAC 161
β-actin NM 205518 AAATCAAGATCATTGCCCCACCT AGGGGTGTGGGTGTTGGTAA 181
SREBP2 AJ310769 AGCCTCAGATCATCAAGACG TTCCATTGCTCCCAACAAGG 153
FTO EU751607.1 TAGTGATTGGAACCTGAAGG CATCAAGCATCAAGTAGAGG 128
L-FABP NM 204192.3 GAAGGGTAAGGACATCAA TCGGTCACGGATTTCAGC 219
LPL NM 205282 TTGGTGACCTGCTTATGCTA ATTGCTGCCTCTTCTCCTTT 187

gene (Table 3) coding for enzymes involved in lipid
homeostasis. Total RNA was isolated from the liver
using the SV Total RNA Isolation System according
to the manufacturer’s instructions (Z3105, Promega,
Madison, WI). The extracted total RNA was quanti-
fied using a GeneQuantTM 1300 spectrophotometer (GE
Healthcare Life Sciences, Uppsala, Sweden). The first
strand cDNA was synthesized using a High-Capacity
cDNA Archive kit (Applied Biosystems, part of Thermo
Fisher Scientific, Waltham, MA). The reverse transcrip-
tion (RT) reaction was performed on a Veriti R© 96-well
Fast Thermal Cycler (Applied Biosystems). The RT
condition was as follows: one cycle at 37◦C for 60 min
and one cycle at 95◦C for 5 minutes. cDNA samples
were diluted 1:10 before use. Real-time PCR analy-
sis was done using a Fast SYBR R© Green Master Mix
(Applied Biosystems) with the StepOnePlusTM Real-
time PCR System (Applied Biosystems). PCR reaction
mixtures (20 μL) consisted of one μL of each forward
and reverse primer (final concentration 0.5 μM), 2 μL
cDNA, and 10 μL master mix. The reaction was incu-
bated at 95◦C for 3 min, 40 cycles of 95◦C for 10 s,
and 60◦C for 30 s, followed by a melt curve analysis
to ensure only a single product was amplified. NADPH
and β-actin were evaluated for their stability across all
experimental samples, and NADPH was chosen as the
most stable reference gene. On each plate, samples from
all treatments were analyzed in triplicate for one target
gene, the reference gene, NADPH, and the nontemplate
control. The ΔCT for each sample was calculated per
plate by subtracting the CT value for the reference gene
(NADPH) from the CT for the target gene. The relative
expression (ΔΔCT) was calculated by subtracting the
ΔCT values for group fed the control diet from the ΔCT
values for each experimental diet and presented using
the term 2−ΔΔCT and reported as arbitrary fold change
units (Livak and Schmittgen, 2001).

Statistical Analysis

A completely randomized design with 7 dietary treat-
ments (Control, RS8N, RS8P, RS16N, RS16P, RS24N,
and RS24P) with 5 replicates was used. The statistical
analysis was carried out using the one-way ANOVA of
GLM procedure of SAS. Least squared means (LSM)

were calculated, and the option probability of differ-
ences (PDIFF) was used for multiple comparisons.

RESULTS

Meat Yield

The body weight (d 34), the breast and drum-
stick weight, and feed intake (d 34) of birds fed
with different diets are shown in Table 4. Compared
with the control diet, the nonpelleted RS diets de-
creased (P < 0.05) body weight and breast and drum-
stick weight with increasing inclusion levels of RS
(RS24N<RS8N/RS16N<Control). In contrast, there
was no difference (P > 0.05) between chickens fed the
steam-pelleted RS diets and chickens fed the control
diet in body weight or breast and drumstick weight.
The feed intake (d 34) was reduced (P < 0.05) in chick-
ens fed the nonpelleted diets RS8N and RS24N com-
pared with chickens fed the control. However, chickens
fed steam-pelleted RS diets had similar feed intake to
chickens fed the control diet. At the same RS inclusion
level, chickens fed the steam-pelleted diets had higher
body weight (P < 0.05) and lower feed intake (P < 0.05)
than those fed nonpelleted diets. However, only chickens
in the steam-pelleted RS24P group showed significantly
higher weight values of breast and drumstick compared
with the nonpelleted group (RS24N).

Fatty Acid Composition in Breast
and Drumstick Muscles

The fatty acid composition (mg/100 g fresh meat)
in breast and drumstick muscles is shown in Tables 5
and 6, respectively. Dietary treatments did not affect
(P > 0.05) the contents of total FA in these muscles,
but significantly affected their fatty acid composition.

The saturated fatty acids (SAFA) content in breast
muscle was not affected by dietary treatments (P =
0.2129), whereas the RS24P diet significantly decreased
the SAFA content in the drumstick compared with
other diets. Similarly, like the major component of
SAFA, palmitic acid (C16:0) was lower in drumsticks
from chickens fed the RS24P diet than that in chickens
fed other diets. In both the breast and drumstick, no
significant dietary effects were observed for the content
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Table 4. Body weight (g), feed intake (g) at d 34, breast and drumstick weight (g) in chickens fed 7 different diets (n =
5, least square means).

Control RS8N RS8P RS16N RS16P RS24N RS24P Pooled SEM P-value

Body weight (d 34) 2072a 1824b,c 1993a 1692c 2072a 1114d 1947a,b 50.9 <0.0001
Feed intake (d 34) 3157a,b 2857c 3330a 2915b,c 3292a 2686c 3380a 88.0 <0.0001
Breast weight 578a 449b 524a,b 469b 520a,b 336c 530a,b 31.1 0.0003
Drumstick weight 229a 176b,c 198a,b 199a,b 200a,b 158c 211a 11.7 0.0058

a-cDifferent letters within the same row indicate significant difference at the P < 0.05 level.
Pooled SEM, pooled standard error of the mean.
Abbreviations, see Table 1.

Table 5. Fatty acid composition of breast muscle in chickens fed 7 different diets (mg/100 g fresh weight, n = 5; least
square means).

Control RS8N RS8P RS16N RS16P RS24N RS24P Pooled SEM P-value

C14:0 4.3a 2.5b,c 2.8a,b 3.0a,b 2.6b,c 3.3a,b 1.7c 0.48 0.0112
C15:0 0.6 0.4 0.5 0.7 0.5 0.8 0.7 0.10 0.0951
C16:0 153.5 104.6 101.1 124.8 99.6 150.9 90.5 20.53 0.1573
C16:1n-9 3.2 2.8 2.6 3.9 3.5 4.7 3.0 0.49 0.0781
C16:1n-7 21.1a 15.2a,b 10.0b 20.2a 9.4b 22.1a 5.7b 3.36 0.0067
C17:0 0.4b,c 0.2c 0.4b,c 0.5b,c 0.5b,c 0.8a,b 1.0a 0.12 0.0021
C18:0 51.5 41.7 39.8 46.1 44.3 55.8 50.2 4.91 0.2657
C18:1n-9 210.9 144.2 145.8 216.8 205.3 245.9 192.5 30.40 0.0858
C18:1n-7 21.0 21.1 17.7 23.6 21.0 25.8 20.8 1.83 0.1054
C18:2n-6 105.2 78.3 79.5 92.2 107.4 110.3 88.6 11.17 0.2449
C18:3n-3 6.1c,d 4.9d 7.0b,c,d 10.1a–c 17.3a 11.2a,b 12.5a,b 2.19 0.0021
C20:1n-9 2.7 2.8 2.7 3.3 3.1 3.2 2.6 0.33 0.5793
C20:2n-6 3.1 2.7 3.0 2.7 3.3 2.6 3.0 0.28 0.6657
C20:3n-6 4.0b,c 5.5a 4.6a,b 4.5b,c 3.6c,d 4.4b,c 2.9d 0.35 0.0007
C20:4n-6 19.4c 18.7c 21.1b,c 18.4c 24.8a–c 27.3a,b 28.1a 2.37 0.0206
C20:5n-3 1.8c 3.9a,b 3.6a,b 3.9a 4.4a 4.1a 3.0b 0.31 <0.0001
C22:4n-6 4.3 3.4 3.9 3.3 4.3 4.1 4.7 0.41 0.2517
C22:5n-3 3.5f 4.7e,f 6.1d,e 6.5c,d 10.9a,b 8.5b,c 12.7a 0.94 <0.0001
C22:6n-3 3.5e 4.1d,e 5.5c,d 5.9b,c 8.1b 7.0b,c 13.5a 0.88 <0.0001
SAFA 212.6 150.5 147.0 174.4 149.4 212.7 143.0 25.86 0.2129
MUFA 261.3 190.8 184.1 272.2 248.7 306.2 234.6 35.46 0.0973
PUFA 153.2 127.6 136.7 150.4 187.0 182.0 173.7 16.32 0.1072
n-3 LCPUFA 8.9e 12.7d 15.2c,d 16.3c,d 23.5a,b 19.6b,c 29.2a 1.86 <0.0001
n-3 15.5e 18.3d,e 23.4c,d 28.0c 42.5a,b 31.7b,c 44.9a 3.51 <0.0001
n-6 137.6 109.1 113.1 122.2 144.1 150.1 127.8 13.21 0.2589
n-6/n-3 8.8a 5.9b 4.8c 4.3d 3.4e 4.7c,d 2.8f 0.21 <0.0001
Total FA 656.5 492.5 478.9 617.8 595.2 731.9 586.2 70.52 0.1906

a-fDifferent letters within the same row indicate significant difference at the P < 0.05 level.
SAFA, saturated fatty acids (C14:0, C15:0, C16:0, C17:0, C18:0); MUFA, monounsaturated fatty acids (C16:1n-9, C16:1n-7, C18:1n-9,

C18:1n-7, C20:1n-9); PUFA, polyunsaturated fatty acids (C18:2n-6, C18:3n-3, C20:2n-6, C20:3n-6, C20:4n-6, C20:5n-3, C22:4n-6, C22:5n-
3, C22:6n-3); n-3, n-3 polyunsaturated fatty acids (C18:3n-3, C20:5n-3, C22:5n-3, C22:6n-3); n-6, n-6 polyunsaturated fatty acid (C18:2n-6,
C20:2n-6, C20:3n-6, C20:4n-6, C22:4n-6); n-3 LC-PUFA, EPA (C20:5n-3)+DPA(C22:5n-3)+DHA (C22:6n-3); total FA, total fatty acid.
C18:2 n-6, LA; C18:3 n-3, ALA; C20:4 n-6, AA; C20:5 n-3, EPA; C22:5 n-3, DPA; C22:6 n-3, DHA.

Abbreviations, see Table 1.

of monounsaturated fatty acid (MUFA) and its major
proportion — oleic acid (C18:1 n-9). Diets RS16P and
RS24P increased (P < 0.05) the content of PUFA in
drumsticks compared with the control diet, whereas no
significant dietary effects were observed for the PUFA
content in breasts. The content of n-3 PUFA in both
muscles was highest in chickens fed diet RS24P or
RS16P, followed by those fed diets RS24N, RS16N, and
RS8P, with the lowest content in chickens fed the RS8N
or control diet. In drumsticks, the content of ALA, the
main member of n-3 PUFA, followed the same change
as n-3 PUFA, whereas, for breasts only, chickens fed the
RS16P, RS24N, and RS24P diets had higher (P < 0.05)
levels of ALA content than chickens fed the control
diet. In both breasts and drumsticks, the contents of

n-3 LC-PUFA, docosapentaenoic acid (DPA; C22:5 n-
3) and DHA increased significantly in a graded manner
with increasing inclusion levels of RS, with the high-
est in groups RS16P and RS24P, followed by RS24N,
RS16N, RS8P, and RS8N, and the lowest in the control
group. At the RS inclusion levels of 16 and 24%, steam-
pelleted diets significantly increased the contents of n-3
PUFA, n-3 LC-PUFA, DPA, and DHA in both breast
and drumstick muscles compared with nonpelleted di-
ets with the same level of RS inclusion. Compared to
chickens fed the control diet, those fed RS diets either in
steam-pelleted form or in nonpelleted form had higher
levels of EPA in breasts and drumsticks. In addition,
chicken drumstick meat had higher n-3 LC-PUFA and
ALA content than did the breast meat, and chickens
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Table 6. Fatty acid composition of drumstick muscle in chickens fed 7 different diets (mg/100 g fresh weight, n = 5, least
square means).

Control RS8N RS8P RS16N RS16P RS24N RS24P Pooled SEM P value

C14:0 12.7a 10.1a,b 11.2a,b 10.1a,b 8.9b 11.3a,b 5.7c 1.55 0.0015
C15:0 1.6b 1.5b 1.6b 1.9a,b 1.8b 2.3a 1.7b 0.16 0.0173
C16:0 394.7a 406.1a 349.5a 420.7a 352.2a 411.8a 229.8b 32.28 0.0037
C16:1n-9 8.7c 10.7b,c 10.4b,c 13.1a,b 13.4a,b 15.7a 13.7a,b 1.24 0.0069
C16:1n-7 64.5a–c 82.3a,b 58.1b,c 90.0a 52.6c 76.9a–c 18.5d 9.68 0.0004
C17:0 1.6b 1.5b 1.4b 1.7b 2.2a,b 2.8a 2.9a 0.29 0.0029
C18:0 130.0 130.9 122.9 132.8 128.5 148.8 116.7 9.71 0.4252
C18:1n-9 568.3 612.7 588.6 753.5 809.8 759.5 714.4 64.30 0.0731
C18:1n-7 42.0 51.9 44.5 56.0 55.3 55.7 53.0 4.24 0.1382
C18:2n-6 259.8b 235.3b 252.9b 270.6b 370.3a 288.8b 367.0a 23.90 0.0010
C18:3n-3 17.4d 23.5c,d 31.5b,c 38.9b 70.6a 40.0b 77.9a 4.71 <0.0001
C20:1n-9 6.5c 7.7b,c 7.6b,c 9.3a,b 10.9a 9.0a,b 10.5a 0.77 0.0033
C20:2n-6 4.1a,b 3.4b 3.6b 3.7b 4.9a 3.9a,b 4.9a 0.36 0.0251
C20:3n-6 6.3 7.3 6.5 7.5 6.5 7.5 5.7 0.54 0.0935
C20:4n-6 38.0c 39.4b,c 41.2b,c 37.2c 47.0a–c 50.7a,b 53.5a 3.89 0.0299
C20:5n-3 2.0c 4.8a,b 4.2b 5.4a,b 5.8a 5.4a,b 4.8a,b 0.41 <0.0001
C22:4n-6 9.1 7.8 8.1 7.2 8.0 8.5 7.5 0.68 0.5774
C22:5n-3 6.8d 9.9c,d 11.1c 11.1c 18.7a,b 15.2b 19.5a 1.24 <0.0001
C22:6n-3 4.9d 6.3c,d 7.8c 7.5c 11.7b 11.3b 17.8a 1.04 <0.0001
SAFA 545.0a 556.2a 493.9a 570.4a 499.7a 581.2a 361.3b 42.86 0.0182
MUFA 693.4 768.2 711.4 924.6 947.0 923.7 817.3 78.43 0.1278
PUFA 352.1b 341.8b 369.7b 392.4b 546.9a 435.1b 561.5a 34.09 0.0001
n-3 LCPUFA 13.6d 21.0c 23.1c 24.0c 36.2a,b 31.9b 42.1a 2.35 <0.0001
n-3 30.7d 43.8c,d 54.9b,c 63.1b,c 106.3a 71.5b 120.1a 6.43 <0.0001
n-6 320.4b 296.4b 314.1b 328.8b 439.0a 362.3a,b 440.6a 27.97 0.0024
n-6/n-3 10.3a 6.5b 5.7c 5.2d 4.1e 5.0d 3.6f 0.23 <0.0001
Total FA 1607.2 1658.7 1579.7 1894.4 1993.4 1952.3 1741.4 148.00 0.2892

a-fDifferent letters within the same row indicate significant difference at the P < 0.05 level.
SAFA, saturated fatty acids (C14:0, C15:0, C16:0, C17:0, C18:0); MUFA, monounsaturated fatty acids (C16:1n-9, C16:1n-7, C18:1n-9,

C18:1n-7, C20:1n-9); PUFA, polyunsaturated fatty acids (C18:2n-6, C18:3n-3, C20:2n-6, C20:3n-6, C20:4n-6, C20:5n-3, C22:4n-6, C22:5n-
3, C22:6n-3); n-3, n-3 polyunsaturated fatty acids (C18:3n-3, C20:5n-3, C22:5n-3, C22:6n-3); n-6, n-6 polyunsaturated fatty acid (C18:2n-6,
C20:2n-6, C20:3n-6, C20:4n-6, C22:4n-6); n-3 LC-PUFA, EPA (C20:5n-3)+DPA(C22:5n-3)+DHA (C22:6n-3); total FA, total fatty acid.
C18:2 n-6, LA; C18:3 n-3, ALA; C20:4 n-6, AA; C20:5 n-3, EPA; C22:5 n-3, DPA; C22:6 n-3, DHA.

Abbreviations, see Table 1.

fed the steam-pelleted RS24P diet contained the high-
est level of n-3 LC-PUFA in breasts (29.2 mg/100 g)
and drumsticks (42.1 mg/100 g).

Compared to chickens fed the control diet, chickens
consuming different RS diets had similar amounts of n-
6 PUFA and LA in the breast. In the drumstick, higher
levels of n-6 PUFA and LA were found only in chickens
fed the RS16P and RS24P diets compared with chick-
ens fed the other diets. In both muscles, the contents of
arachidonic acid (AA; C20:4 n-6) from chickens fed the
RS24N or RS24P diet were higher than the control diet
fed chickens. Regarding the ratio of n-6 to n-3, when
diets were subjected to nonpelleted treatment, the n-
6/n-3 ratio in both muscles decreased significantly with
increasing RS inclusion levels from zero to 16% with no
further decrease from 16 to 24%; however, when diets
were subjected to steam-pelleted treatment, this ratio
decreased significantly with increasing RS inclusion lev-
els from zero to 24%. Furthermore, steam-pelleted diets
fed chickens had a lower n-6/n-3 ratio than chickens fed
nonpelleted diets with the same RS inclusion level.

Gene Expression

The hepatic expression of ACOX1, L-CPT1, L-
FABP1, FADS1, FADS2, FTO, LPL, and SREBP2 are

shown in Table 7. Compared with the control group, the
ACOX1 mRNA level was significantly higher in chick-
ens fed the RS24P diet. RS16P and RS24P diets fed
chickens had higher (P < 0.05) levels of FADS1 than
chickens fed the control diet. For other examined genes,
no significant differences were observed in RS diets com-
pared with the control diet.

DISCUSSION

Effect of Dietary Treatments on Fatty Acid
Composition in Meat

In this study, dietary treatments significantly af-
fected the fatty acid composition in breast and drum-
stick muscles, but did not affect the total fatty acid
content. In monogastric animals, such as chickens, di-
etary FA are to a large extent incorporated unchanged
into body fat (Mourot et al., 2001). As a result, the
fatty acid composition of chicken tissue lipids is easily
affected by the fatty acid composition of dietary lipid
(Haug et al., 2007; Nyquist et al., 2012), which is amply
confirmed in the present study.

As the RS inclusion level increased in our experimen-
tal diets, increase in ALA content was found to be the
main change among different diets. These differences
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Table 7. Dietary effect on the relative expression of lipid related genes in liver from chickens fed 7 different diets (n = 5,
fold change, least square means).

Control RS8N RS8P R16N R16P R24N R24P Pooled SEM

ACOX1 1.00 1.10 1.40 1.02 1.55 1.12 1.93∗ 0.280
L-CPT1 1.00 0.43 0.64 1.38 0.87 0.48 1.13 0.560
L-FABP 1.00 0.75 1.92 0.75 0.94 1.08 1.50 0.328
FADS1 1.00 1.58 1.71 1.34 1.97∗ 1.70 2.05∗ 0.332
FADS2 1.00 0.93 0.88 0.84 0.81 0.70 0.91 0.145
FTO 1.00 1.33 1.37 1.07 1.20 1.62 1.35 0.321
LPL 1.00 0.69 0.85 0.87 0.77 0.97 1.07 0.145
SREBP2 1.00 1.34 1.54 1.23 2.22 1.81 1.83 0.534

∗Indicates significant difference compared with the control group at the level of P < 0.05. A value less than 1 down-regulation and
more than 1 up-regulation. Abbreviations, see Table 1.

can be attributed to the inclusion of RS in these diets
because RS contains about 40% oil, which is an ex-
cellent source of ALA (Ajuyah et al., 1991a). The de
novo biosynthesis pathway to produce ALA and LA in
higher animals does not exist; ALA and LA are essen-
tial fatty acids and must therefore be provided in their
diets. The ALA content in the edible tissues of poul-
try is readily increased by increasing concentration of
ALA in their diets, particularly meat with skin, and
dark meat to a greater extent than white meat (Rymer
and Givens, 2005). In agreement with this, this study
showed that the ALA contents in breasts and drum-
sticks from chickens increased when high levels of RS
(160 or 240 g/kg) were included in the diets, with the
highest content in chickens fed the RS24P diet. Simi-
larly, an increase in ALA content also was observed in a
study on turkey breast when fed a diet containing 10%
RS (Ajuyah et al., 1993). Furthermore, our study also
showed an increase in EPA, DPA, and DHA contents in
both muscles with increasing levels of ALA in chicken
diets, leading to highest concentration of n-3 LC-PUFA
in chickens fed the RS24P diet. This is explained by
the existing pathway in chickens to produce DHA from
ALA through a series of elongation and desaturation
steps. Thus, as RS inclusion level increased, more ALA
would be readily ingested and absorbed by birds and
subsequently converted to its longer chain metabolites
(EPA, DPA, and DHA). This agrees well with a previ-
ous study, which showed that broiler chickens fed a diet
containing 5% RS oil increased the levels of EPA and
DPA in the breast, compared with chickens fed a diet
with 5% soybean oil (Nyquist et al., 2012). In contrast,
a significant increase in AA contents in chicken meat
was observed only in chickens fed the highest level of
RS (24%), and this could be explained by the increase
in the content of its precursor — LA in these diets. The
presence of a considerable amount of ALA in RS, de-
spite an excess of LA, could account for the lack of a
significant conversion of LA to AA and be due to the
competition of ALA with LA for the same desaturase
and elongase enzymes. In addition, although inclusion
of RS decreased the SAFA and increased PUFA con-
tents in chicken diets, a significant decrease in SAFA
content was observed only in drumsticks from chickens
fed the RS24P diet, and no significant dietary effects

were observed for the MUFA content in both muscles.
Therefore, this study showed that feeding a chicken diet
containing a high level of RS could increase the content
of n-3 PUFA in breast and drumstick meat, in par-
ticular, DPA and DHA, but barely affect that of n-6,
MUFA, or SAFA.

In this study, at the RS inclusion levels of 160 and
240 g/kg, steam-pelleted diets contained relatively less
ALA and LA compared with nonpelleted diets with
the same RS level. However, chickens fed those steam-
pelleted diets had similar levels of ALA and LA in the
breast, higher levels of ALA and LA in the drumstick,
and higher levels of n-3 LC-PUFA, particularly DPA
and DHA, in both muscles, compared with chickens
fed nonpelleted diets with the same RS inclusion lev-
els. Moreover, at the same RS inclusion level, n-6/n-3
ratio was found to be lower in both muscles from chick-
ens fed steam-pelleted diets compared with chickens fed
nonpelleted diets, with the lowest in chickens fed the
RS24P diet. These differences could be explained by the
increase in feed intake and possible improvement of fat
availability for steam-pelleted diets. The feed intake in
chickens consuming the nonpelleted RS diets was signif-
icantly lower than those fed the steam-pelleted diets at
the same inclusion level (Table 4). The steam-pelleting
process was shown to enhance oil digestibility (Shen
et al., 1983). As a result, in this study it could be de-
duced that chickens fed those steam-pelleted diets had
more ALA digested and absorbed, more of which were
then metabolized to LC-PUFA through chain elonga-
tion and desaturation. To our knowledge, this is the
first study to show that at high inclusion levels of RS,
the steam-pelleting process increased chicken meat nu-
tritional value in terms of n-3 fatty acid content and
n-6/n-3 ratio. In addition, the n-3 LC-PUFA and ALA
content in drumstick meat was much higher than that
in breast meat from chickens with the same treatment.
This finding is probably attributed to the higher lipid
content of dark meat compared with white meat, al-
though white meat has higher enrichment efficiency
than dark meat for DHA (Givens and Gibbs, 2008).
A similar observation was made for turkey dark (leg)
and white (breast) meat (Ratnayake, 1989).

The western diet has been estimated to be deficient
in n-3 FA with a high ratio of n-6 to n-3 of 15 to 20/1
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(Simopoulos, 2006). Excessive amounts of n-6 PUFA
and a very high n-6/n-3 ratio, promote pathogenesis of
many diseases, including cardiovascular disease, cancer,
and inflammatory and autoimmune diseases, whereas
increased levels of n-3 FA, i.e., a lower n-6/n-3 ratio,
exerts suppressive effects (Simopoulos, 2008). In par-
ticular, there is mounting evidence supporting the ben-
eficial effects of an increased intake of EPA and DHA
(Howe et al., 2006; Calder, 2014). Moreover, the bioac-
tive effects of DPA have been gaining recognition in
the literature (Kaur et al., 2011). A level of 250 mg/d
was proposed by the EFSA as the labeling reference
intake value of EPA and DHA for adults to prevent
cardiovascular disease. As shown in this study, chick-
ens fed the steam-pelleted RS24 diet provided the most
nutritious meat in terms of n-3 PUFA content, partic-
ularly n-3 LC-PUFA content and n-6/n-3 ratio. These
chickens had the highest content of n-3 PUFA in their
meat, with 44.9 mg/100 g fresh meat in the breast and
120.1 mg/ 100 g in the drumstick, and these levels were
about 3 times as much as in chickens fed the control
nonpelleted diet. Furthermore, a 100-g proportion of
these breast or drumstick meats would provide con-
sumers with 29.2 mg or 42.1 mg n-3 LC-PUFA, respec-
tively, compared with 8.9 or 13.6 mg from chickens fed
the control nonpelleted diet. Besides, the n-6/n-3 ra-
tios in these breast and drumstick meats were 2.8 and
3.6, respectively, which were also superior to meat from
chickens fed the control nonpelleted diet (8.8 for breasts
and 10.3 for drumsticks). In comparison, chickens fed
diets containing 40 g/kg fishmeal were reported to con-
tain 58.6 and 67.3 mg/100 g n-3 LC-PUFA in the breast
and in thigh, respectively (Ratnayake, 1989). Therefore,
feeding chickens a steam-pelleted, RS-included diet can
be a great strategy to increase human intake of n-3
PUFA, in particular n-3 LC-PUFA, while maintaining
sustainability and reducing feeding cost.

Effect of Dietary Treatments on
Lipid-related Gene Expression In Liver

Dietary lipids are digested and absorbed from the in-
testine and transported in the blood to the liver and
other tissues in the form of portomicrons (Hermier and
Suppl, 1997). In this study, the effects of dietary treat-
ments on the abovementioned genes were examined.
The hepatic expression of the FADS1 gene was up-
regulated in chickens fed the RS16P and RS24P di-
ets compared with that in the control diet fed chick-
ens. This finding agrees with a previous study in which
an ALA-enriched diet containing 75% RS oil increased
the expression of hepatic FADS1 in salmon compared
with control fed 100% fish oil (Jordal et al., 2005).
The biosynthesis of n-3 LC-PUFA from ALA includes
a series of desaturation, elongation, and, ultimately β-
oxidation, reactions (Dyall, 2015). One of the 2 rate-
limiting steps in this pathway is the desaturation of
eicosatetraenoic acid (20:4n-3) to EPA (20:5n-3), which

is determined by the activity of Δ5 desaturase encoded
by the FADS1 gene (Cho et al., 1999). The formation
of n-3 LC-PUFA depends on the amount of substrate
and removal of the subsequent products, and increased
desaturase gene expression could be influenced by ei-
ther increased dietary concentration substrates or re-
moval or absence of the products (Mirshekar et al.,
2015). Therefore, the increase of hepatic FADS1 gene
expression observed in our study could be due to the in-
creased dietary ALA content in the RS diets. Moreover,
the higher expression of the FADS1 gene in RS diet fed
chickens could, at least in part, account for the higher
EPA content in meat observed in chickens fed RS16P
and RS24P diets compared with chickens fed the con-
trol diet. In addition, Δ6 desaturase is regarded as an-
other time-limiting step in the n-3 LC-PUFA biosynthe-
sis pathway (Zheng et al., 2004); however, the mRNA
level of the FADS2 gene was not affected by any dietary
treatments in this study.

Compared to the control diet, the RS24P diet
up-regulated the expression of the ACOX1 gene in
chicken liver. The final step in the pathway of DHA
synthesis occurs in peroxisomes through a single
round β-oxidation of tetracosahexaenoic acid (24:6n-3)
(Wanders, 2004; Dyall, 2015). Acyl-coenzyme-A oxi-
dase (ACOX1 gene) is the rate-limiting enzyme for this
peroxisomal fatty acid β-oxidation (Ding et al., 2003).
The increased hepatic expression of the ACOX1 gene in
chickens fed the RS24P diet may be attributed to the
increase in feed intake and possible improvement of fat
availability for steam-pelleted diets, which led to the in-
creased levels of ALA. Consequently, the higher levels
of ALA might trigger a higher expression of the ACOX1
gene, leading to the increased formation of DHA in
chickens fed the steam-pelleted diets, compared with
those fed the control diet.

Effect of Dietary Treatments on Meat Yield

The breast and drumstick are the 2 most important
parts of a chicken carcass. The breast consists mainly
of white muscle and the drumstick of dark muscles.
In this study, breasts with ribs and drumsticks were
weighed to reflect meat yield of chicken carcasses. Feed-
ing steam-pelleted diets did not affect breast and drum-
stick weights of broiler chickens with increasing RS in-
clusion levels. This is in agreement with the changes
in chicken body weight, showing that increasing inclu-
sion levels of RS did not affect live weight at d 34 for
chickens fed steam-pelleted diets, but did reduce live
weight for chickens fed nonpelleted diets. Overall, our
study showed that steam pelleting enables high inclu-
sion levels (160 or 240 g/kg) of RS in chicken feed with-
out adversely affecting chicken meat yield as reflected
by the weights of breasts and drumsticks. The compro-
mise in meat yield and live weight from chickens receiv-
ing the nonpelleted feed may be caused by the decrease
in feed intake for those chickens observed in this study.
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Similarly, Summers et al.(1982) reported that feeding
17.5% full-fat canola seed to broiler chickens led to de-
pressed fat utilization and body weight gain. When fed
high levels of RS, growth performance of broilers can
be affected by degradation products of glucosinolate in
seeds. The glucosinolate degradation products can in-
terfere with the function of the thyroid gland and de-
crease feed palatability leading to undesirable effects
on growth performance (McCurdy, 1990; Khajali and
Slominski, 2012). However, the total content of glu-
cosinolates was below 4 μmol/g in all diets (Table 1),
which has been considered as a safe limit for chickens
(Khajali and Slominski, 2012). Another explanation
could be attributed to the reduced energy use from
rapeseed in nonpelleted form due to lower oil avail-
ability. The lower availability has been suggested to re-
sult from the oil-encapsulating effect of the cell wall
polysaccharides (Lee et al., 1991). On the other hand,
the steam-pelleting process can improve the fat avail-
ability in RS (Shen et al., 1983; Salmon et al., 1988;
Barekatain et al., 2015). Additionally, in comparison
to nonpelleted diets, steam-pelleting has been shown
to enhance oil digestibility, possibly due to the efficient
pulverization effect of the steam-pelleting process (Shen
et al., 1983).

In conclusion, this study showed that the steam-
pelleting process enables high inclusion levels of RS (160
or 240 g/kg) in chicken diets and leads to significant in-
creases in n-3 PUFA content in the meat, particularly
n-3 LC-PUFA, without compromising the meat yield
or total fatty acid content. Further, genes responsible
for fatty acid desaturation and peroxisomal β-oxidation
were affected when chickens were fed steam-pelleted di-
ets with high inclusion levels of RS. In conclusion, feed-
ing chickens steam-pelleted high RS-included diets can
be a feasible strategy to increase human intake of n-
3 LC-PUFA without compromising meat yield of the
chickens.
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