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ABSTRACT A meta-analysis was performed to evalu-
ate the effects of supplementary n-3 polyunsaturated
fatty acids (PUF A) sources in the diet on the formation
of some important n-3 PUFA contents in eggs and to
assess factors contributing to the conversion efficiency of
omega-3 in laying hens. A dataset was constructed from
34 studies examining the impact of dietary inclusion with
ingredients rich in n-3 PUFA on fatty acids profile and
production performance of laying hens. The eligibility cri-
teria were developed to obtain studies reporting required
information with sufficient quality. The mixed model
methodology was employed where the “study” was set as
random effects and fatty acid (FA) supplements as fixed
effects. Several factors were included in the models as
covariates. Discrete analysis for sources of FA was also
performed to compare their effects on FA formation in
eggs. Significant linear positive associations were observed
between the concentration of a-linolenic acid (ALA),
total n-3 PUFA, and the ratio of linoleic acid (LA) to

ALA (LA/ALA) in diets with the formation of eicosapen-
taenoic acid (EPA), docosahexaenoic acid (DHA), total
n-3 PUFA, and n6/n3 ratio in egg (P < 0.05) with differ-
ent magnitudes. ALA and total n-3 PUF As concentration
had no relationship with cholesterol concentration, feed
intake, and egg weight. Prediction models for DHA
formation was higher for ALA as predictor variables
(slope = 0.482; R* = 0.684) than n-3 PUFAs
(slopes = 0.998, R” = 0.628). Significant interactions were
found on the level of ALA x FA sources and n-3
PUFA x FA sources. Fish oil (P = 0.0148, R* = 0.732)
improved the prediction equation to estimate DHA for-
mation. To conclude, levels of ALA, n-3 PUFA, and the
ratio of LA/ALA can be used as predictor variables to
estimate the formation of n-3 fatty acids in eggs. It was
confirmed that although all n-3 FA sources had a positive
correlation on DHA and n-3 PUFA deposition, however,
fish oil showed the highest prediction model for DHA for-
mation across all FA sources included in the dataset.
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INTRODUCTION

Demands for animal protein sources rich in functional
properties are substantially increasing due to their
health-associated benefits. As the most affordable protein
source, there is increasing preference among individuals
to consume eggs with higher content of n-3
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polyunsaturated fatty acids (PUFAs), especially DHA
(docosahexaenoic acids, C22:6 n-3) and EPA (eicosapen-
taenoic acid, C20:5 n-3) (Khan et al., 2021). Many effica-
cies emerge in the last decade to provide the positive
impacts of EPA and DHA in preventing chronic diseases
primarily related to cardiovascular and nervous system
diseases (Mason et al., 2020). In humans, elevating EPA
and DHA intakes strongly reduced cardiovascular mor-
bidity and mortality events (IKKhan et al., 2021). Substan-
tive evidence suggested that these essential fatty acids
could lower the triglycerides concentration, stabilize
membrane structure, and they are believed to have
antithrombotic, anti-inflammatory as well as antiar-
rhythmic properties (Fraeye et al., 2012a). Therefore,
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there has been ongoing research agenda, especially for
poultry nutritionists to enhance the content of n-3 bene-
ficial PUFAs in the egg for people.

Dietary supplementation with sources of EPA, DHA,
or their precursor for laying hens is a common strategy
to enrich eggs with desired n-3 PUFAs. The main pre-
cursor for EPA and DHA is a-linolenic acid (18:3 n—3,
ALA) which possesses enzymatic pathways for EPA
and DHA biosynthesis (Alagawany et al., 2019). Some
plants and animal-derived products are often supple-
mented to diet as a source of ALA, such as flaxseed,
canola, linseed, sunflower seed, fish oil, microalgae, etc.
However, several scientific reports were suggesting that
conversion from ALA to EPA and DHA greatly differed
depending on FA sources and the conversion to DHA
are often limited due to different path of desaturation
and elongation (Fraeye et al., 2012a). For instance,
extruded flaxseed supplementation up to 9% diets
resulted in ~150 mg DHA and 530 to 670 mg n-3 PUFAs
in eggs (Huang et al., 2020) while Aurantiochytrium
limacinum microalgae inclusion at 1% diet could pro-
duce 286 mg DHA and 626 mg n-3 PUFAs in a 60 g egg
(Moran et al., 2019). Reports on DHA and n-3 PUFAs
contents of egg using fish oil, microalgae, linseed oil, sun-
flower oil, and combination from different sources also
varied between 50 and 290 mg/eggs (Coorey et al., 2015;
Jing et al., 2017; Moran et al., 2019; Omri et al., 2019)
depending on the source, levels, and form of supplemen-
tal FA.

One important reason regarding the discrepancies is
because enzymes involved in the transformation pro-
cesses compete to utilize their substrates (linoleic acid/
LA and ALA), making the conversion efficiency differ-
ent, although reports on these were not consistent. For
instance, linearly increased DHA contents were reported
by supplementing diets with increasing levels of soluble
flaxseed (differ in LA/ATLA) and fish oil (similar in LA/
ALA) with the later showed higher conversion efficiency
(Kralik et al., 2021; Lee et al., 2021). Interestingly, these
studies suggested that ratios of LA/ALA in the diets did
not affect conversion rate. On the other hand, Aguillon-
Paez et al. (2020) in their studies using full-fat sunflower
and flaxseed seed reported that LA /ALA ratio had a sig-
nificant effect on DHA formation in eggs. In addition,
the strain, length of feeding trials, and feed additive
incorporation such as acidifier, enzyme, and antioxi-
dants might also affected lipid metabolism and the out-
put of DHA in eggs (Jia et al., 2008; Attia et al., 2013;
Pérez et al., 2021; Lee et al., 2021). On the other hand,
the effects of feeding hens with FA sources on produc-
tion performance are conflicting, that is, there was a
decrease in egg production (EP) and egg weight (EW)
(Cufadar et al., 2016; Aguillén-Péaez et al., 2020) where
other experiments reported an increased on EP and EW
(Dong et al., 2018; Westbrook and Cherian, 2019) and
others mostly reported no effects on production parame-
ters (Huang et al., 2018, 2020; Moran et al., 2019;
Kralik et al., 2021).

Despite there are clear evidences that supplementary
feeding with sources rich in ALA or DHA successfully

increased DHA and n-3 PUFAs contents in eggs, how-
ever, very few studies provided empirical data on the
factors affecting the conversion rates in egg. We hypoth-
esized that types, sources, and levels of FA as well as
hens and dietary factors might be contributed to the effi-
ciency of PUFAs biosynthesis in eggs and hens’ perfor-
mance. Considering that empirical experiments
exploring this area are increasing, it is possible to build a
robust model for the efficiency of n-3 PUFAs formation
in egg by employing a meta-analysis method. This
approach is valuable to establish a valid statistical
power from different individual studies. Moreover, it
enables to identify covariates that may interfere with
the response variables (Sauvant et al., 2008). Therefore,
the present meta-analysis aimed to quantify the effects
of different sources of dietary n-3 PUFAs on production
performance and egg’s fatty acids profile in laying hens.
This meta-analysis also attempted to determine factors
that may contribute to the formation efficiency of DHA
and n-3 PUFAs in egg as the main outcome variables.

MATERIALS AND METHODS
Search Strategy and Selection Process

Digital scientific databases (Scopus, web of knowl-
edge, and PubMed Central) were used to search
articles published in peer-reviewed journals that
reported the use of supplemental fatty acids in laying
hens. The queries inputted into the databases were

YY1

the combination of “fatty acid”, “laying hens”, “supple-
mentation”, “egg”, and/or “omega 3”. No limit on pub-
lication year was set but the search was conducted
only in the English language. To assure the quality
and appropriateness of papers, eligibility criteria were
determined a priori as follows: 1) experiments should
directly evaluate the use of fatty acids sources in the
diet and report fatty acids profile in egg; 2) fatty
acids profile should be quantitatively reported in feed
or the supplemental source to possibly estimate the
fatty acid contents supplemented to laying hens; 3)
in egg, fatty acid profile might be reported in any
measurement units but allowing to convert into a
similar unit of measurement, preferably mg/egg; 4)
used reliable and sufficient information on methodol-
ogy. The process of study selection flow is presented
in Figure 1.

All titles identified during the searching process were
imported to the reference manager after exclusion of
non-relevant documents (review article, book chapter,
etc.). Processes of study selection were performed follow-
ing the PRISMA (Preferred Reporting Items for System-
atic  Reviews and  Meta-Analysis)  guidelines
(Liberati et al., 2009). Titles, abstracts, and full-text
article evaluations were conducted by 2 independent
investigators, resulting in a final list of titles potentially
eligible for meta-analysis. Following this, the third
researcher reviewed the proposed titles as the final stud-
ies to minimize publication bias. Studies with fatal flaws
detected in the materials and methods sections would
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Figure 1. Flowchart of selection process of the articles used for meta-analysis.

not be considered to be included in the database. In
addition, insufficient information on FA profiles was
also being the reason to reject studies.

Database Construction

The eligible studies generated from the previous step
as shown in Table 1 were extracted into a spreadsheet.
The dataset consisted of a column representing the qual-
itative information (authors, journal, year, country of
origin, strain of laying hens, type of diet, source of fatty
acids supplement) and quantitative data including vari-
ables of interest (number of replication, number of birds,
age, length of the experiment, nutrient specification,
fatty acids profile of diet and/or material used as FA
sources, production parameters, and fatty acids contents
in egg). Coding for the strain of chickens and source of
FAs as well as other potential sources of variances were
established to include in the statistical models. Source of
FAs was classified into 2 different columns as subgroup
categories: the first column classified them as “oil” or
“seed” where the second column categorized them into
including their corresponding levels and also as #1 CON
(control, diet without FA supplementation), #2 FLAX
(flaxseed, seed, or ground), #3 FLO (flaxseed oil), #4
MA (microalgae), #5 FO (fish oil), #6 HSO (hemp seed
oil and hemp omega), #7 LSO (linseed oil), #8 SFO
(sunflower oil), and #9 SBO (soybean oil). Experiments

using FA combination as treatments were coded as #10
MIX (mixtures) while other FA sources identified only
in one study were classified as #11 OT (others). Corre-
sponding levels for each FA source were provided.

Fatty acids of interest included in the dataset were
linoleic acid (C18:2n-6, LA), ALA, EPA, DHA, total n-3
PUFAs, and n-6:n-3 ratio. When no information
available in the papers, total n-6, total n-3 PUFAs
and n-6/n3 ratio were calculated as follows: 1) total
n-6 = C18:2n-6 + C18:3n-6 + C20:3n-6 + C20:4n-6; 2)
total n-3 = C18:3n-3 + C20:3n-3 4+ C20:5n-3 + C22:6n-
3; and 3) ratio of n-3:n-6 = total n-6:total n-3. In the
papers, large variability existed for fatty acids data
whereas provided differently, that is, as % of total FAs,
% or g/kg of diets, and few papers only provided FA pro-
files in the material used as FA sources. These nonsimi-
lar units were transformed to g/kg diet and mg/60 g
egg, respectively. Computation was performed by using
relevant information on articles such as total lipid, total
FA content, egg weight, and yolk weight. Studies lack
on these data was disregarded. The final dataset yields
43 x 198 data points.

Statistical Analysis

The present meta-analysis utilized the mixed model
methodology (LMM) because this model suits to
develop empirical modeling on biological response in the
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experimental design. The models considered “study” as
random effects and predictor variables of treatments as
fixed effects (St-Pierre, 2001). Prior to statistical analy-
sis, data distribution was observed through graphical
visualization (scatter plots) to evaluate the data quality
by identifying data points from experiments with
extreme values. This way also helped to determine the
statistical model (Polycarpo et al., 2017). The relation-
ship of inter- and intrastudy was examined to control
data quality and the biological nature of the database
(Sauvant et al., 2008). In linear mixed model analysis,
continuous data of fatty acids contents (g/kg feed)
including LA, ALA, ratio of LA/ALA, DHA, EPA, and
total n-3 PUFAs were the main model predictors while
several factors such as strain, age, number of birds,
study period, source of FA, and nutrient compositions
were included in the models tested as covariates. Linear
and quadratic models to predict the effects of indepen-
dent variables (fatty acid content in the diets) were
tested using the following model:

Yijk = u + si + 1j + stij + B1Xij + biXij + BjXij + eijk

where Yijk is response variable tested, u is overall inter-
cept across all studies (fixed effect), si is random effect
model for study I, 7j is fixed effect for j level, stij is the
interaction effects between i study and the j levels, By is
a slope for linear regression (fixed effect) of Y on X,
Xij = value of the continuous predictor variable (specific
fatty acids level), bi = random effect of study i on the
slope of Y on X in study i, Bj = effect of j level of the dis-
crete factor T on the regression coefficient (fixed effect),
and eijk is residual error. When a quadratic model was P
> 0.10, the model was transformed into a linear model
by taking out the B2Xij term. To facilitate multicovari-
ates analysis, several interaction models between levels
of specific FA and covariates were tested declared in the
model. Model statistics used were P-value, root means
square error (RMSE), AIC, and coefficient of determi-
nation (R?). Significance was noted at P < 0.05 while
tendency was stated at 0.05 < P < 0.1. The number of
replicates for each study was used as a weighting factor
and was declared in WEIGHT statement of the model.
The qualitative covariates were declared in the CLASS
statement (Jayanegara et al., 2019).

Several covariates were removed from the models pre-
sented herein due to lack of significance (P > 0.10),
including quadratic models. In addition to LMM, vari-
ance-covariance analysis was performed to compare dif-
ferent sources of FA used as a supplement (Irawan et al.,
2021) according to the following model:

Yij = p + si+ tj + stij + €ij

where Yij = the predicted output for dependent variable
Y, u = overall mean, Si = random effect of i study,
7j = fixed effect of the j level, Stij = random interaction
between i study and the j level, and eij = residual error.
A significant effect was stated at P < 0.05 or there is a
tendency when the P-value was between 0.05 and 0.10.
Tukey-Kramer’s test was used to indicate the least

square means among categorical variables. In this
model, 10 subgroup categories were created excluding
#OT (other) category aforementioned to avoid con-
founding in practical operation. Several best-fitted pre-
dicted models were visualized using scatter plots that
were created based on adjusted predicted Y values. The
adjusted predicted outcomes (Y) were obtained by add-
ing the predicted values with corresponding residual val-
ues (St-Pierre, 2001). The intercepts in the graphics
were set as zero.

RESULTS
Description of the Database

The studies used for the present meta-analysis were 34
studies comprising 36 experiments and 198 observations
with a total of 5,535 laying hens (Table 1). The articles
were retrieved from international reputable journals, of
which 10/34 were publication from Poultry Science,
between 1991 and 2021, represented 17 countries of ori-
gin (Austria, Belgium, Brazil, Canada, China, Colom-
bia, Croatia, Egypt, Italia, Italy, Mexico, Poland, South
Korea, Tunisia, Turkey, UK, USA). There were 19
strains of laying hens described in the studies, with Hy-
Line W-36 (11.8%), Lohmann white (14.7%), and Isa
Brown (20.6%) were the most frequently used. The data-
base described that the experiments were conducted in
various ages between 18 and 67 wk whereas 26.5% (9/
34) were conducted in a pre-peak laying period (18—25
wk), 14.7% were in peak production (26—35 wk) and
post-peak production periods (36—50 wk), respectively
while 32.4% of investigations were in late production
periods (50—67 wk). They were evaluated in 18 to 35 d
of experimental periods (38.2%), 42 to 84 d (50.0%), and
the rests were in 112 to 168 d (10.2%), respectively.

The final database showed that fatty acids supple-
mented to diets were from oil sources, seeds or ground
seeds, and microalgae. There were distinct variabilities
of the supplemental fatty acids used to increase n-3 ben-
eficial FAs in the egg where at least 31 different sources
were recorded, either supplemented alone (based on lev-
els) or in combination (based on levels and sources). We
were aware that comparisons made from such heterog-
eny sources might result in low robust models. There-
fore, we extracted and calculated the fatty acids profile
of the diets used in the studies from available informa-
tion indicated in the articles with emphasis on the levels
of C18:2 n6 (linoleic acid, LA), C18:3 n3 («-linolenic
acid, ALA), C20:5 n-3 (Eicosapentaenoic acid, EPA),
C22:6 n-3 (Docosahexaenoic acid, DHA), and total n-3
PUFA as predictor variables. However, studies report-
ing levels of EPA and DHA in the supplement materials
and diets were not many (n = 10 studies with EPA = 36
observations and DHA = 37 observations, respectively).
Thus, we utilized the concentration of ALA, ratio of
LA/ALA, and total n-3 PUFA in the diets (g/bird/d) to
develop reliable models.

A total of 26 of 34 studies (76.47%) used
corn + soybean meal (SBM) as the main source of



Table 1. Description of studies included in the meta-analysis.

Birds Age, FA
Study Authors Country N! (n) Strain week Length, d Type of diet Sources Levels® calculation®
1 Cherian and Sim (1991) Canada 4 40 White Leghorn 30 21 Wheat + SBM flaxseed, canola seed 0-160 Diet
2 Schreiner et al. (2004) Austria 4 72 White Leghorn 26 63 Corn + Wheat + SBM seal blubber oil 0-90 Diet
3 Mazalli et al. (2004) Brazil 13 300 Hy-Line W-36 46 140 Corn + Wheat + SBM soybean oil, canola oil, sunflower 0-250 Material
oil, flaxseed oil, fish oil, flaxseed
meal
4 Carrillo- Mexico 3 90 White leghorn 65 21 Sorghum + SBM red crab meal 0-60 Material
Dominguez et al. (2005)
5 Amini and Ruiz- UK 6 144 Shaver White 62 42 Corn + SBM flaxseed 0-236 Diet
Feria (2007)
6 Celebi and Macit (2008) Turkey 5 200 Isa Brown 67 56 Corn + Wheat + SBM  flaxseed oil, sunflower oil 0-75 Material
7 Rizzi et al. (2009) Ttaly 7 126 Warren laying 28 42 Corn + SBM linseed oil, fish oil, microalgae 19-49.5 Diet
8 Oliveira et al. (2010) Brazil 4 1152 Dekalb White 54 30 Corn + SBM sunflower oil, soybean oil, linseed 0-34 Diet
oil
9 Wang and Huo (2010) China 4 192 Newroman 29 70 Corn + SBM sunflower seed, flaxseed 0-26 Diet
10 Antruejo et al. (2011) UK 8 384 Brown Shaver 24 84 Corn + SBM rapeseed, chia seed and oil, flaxseed ~ 0-250 Diet
seed and oil, oleic acid, soybean
oil
11 Ebeid (2011) Egypt 4 100 Hisex Brown 56 84 Corn + SBM fish oil, linseed oil, vegetable oil 0-25 Diet
12 Goldberg et al. (2012) Canada 6 48 White Bovan 19 56 Wheat + SBM hemp seed, hemp seed oil 0-200 Diet
13 Poureslami et al. (2012) Belgium 7 288 Isa Brown 45 35 Corn + SBM soybean oil, linseed oil, flaxseed oil 0-30 Diet
14 Nain et al. (2012) Canada 3 75 Lohmann White 65 18 Corn + SBM flaxseed, pea seed 0-150 Material
Leghorn
15 Lemahieu et al. (2015) Belgium 5 72 Isa brown 29 21 Wheat + SBM flaxseed, fish oil, I. galbana 0-14.3 Diet
16 Cherian and USA 3 75 Lohmann brown 48 112 Corn + SBM camelina full fat, flaxseed 0-100 Diet
Quezada (2016)
17 Kim et al. (2016a) USA 6 60 Shaver Leghorn 20 42 Corn + SBM defatted microalgae 0-50 Material
18 Cufadar et al. (2016) Turkey 4 60 Hy-Line W36 44 84 Corn + SBM soybean oil 0-23 Material
19 soldberg et al. (2016) Canada 4 96 White Lohmann 60 28 Corn + SBM canola meal, flaxseed oil 0-236 Diet
20 Kim et al. (2016b) USA 13 90 Shaver leghorn 20 28 Corn + SBM flaxseed oil, microalgae 0-18.5 Material
21 Zhang et al. (2017) China 8 80 ISA brown 29 35 Corn + SBM flaxseed, perilla seed, E. ulmoides 0-115 Material
seed, microalgae
22 Ehr et al. (2013) USA 12 132 Hy-Line W36 25 56 Corn + SBM flaxseed meal and flaxseed oil 0-50 Diet
23 Kostogrys et al. (2017) Poland 4 40 Isa Brown 26 84 Corn + SBM sunflower oil, punicic oil 0-25 Diet
24 Jing et al. (2017) Canada 5 40 Lohmann white 19 56 Barley + SBM hemp seed oil, hemp omega 0-80 Diet
25 Huang et al. (2018) UK 4 72 White Leghorn 58 56 Corn + SBM flaxseed 0-225 Diet
26 Westbrook and UK 4 72 Brown layer 51 120 Corn + SBM flaxseed 0-10 Diet
Cherian (2019)
27 Elkin et al. (2018) USA 16 100 Hy-Line W36 18 84 Corn + SBM sunflower oil, flaxseed oil 0-50 Diet
28 Moran et al. (2019) Italia 4 360 Isa Brown 20 168 Corn + SBM microalgae 0-10 Material
29 Omri et al. (2019) Tunisia 3 60 Novogen White 27 31 Corn + SBM linseed meal 0-45 Diet
30 Huang et al. (2020) Canada 4 72 White Leghorn 58 56 Corn + SBM flaxseed 0-90 Diet
31 Ngo Njembe et al. (2020) Belgium 6 12 Isa Brown 24 22 Corn + SBM flaxseed, R. heudelotii, pomegran- 0-150 Diet
ate seed oil
32 Aguillén-Péez et al. (2020) Colombia 3 150 Babcock Brown 27 56 Corn + SBM flaxseed, sunflower (fullfat) 0-135 Diet
33 Lee et al. (2021) South Korea 5 210 Hy-Line Brown 52 28 Corn + SBM flaxseed oil 0-8 Diet
34 Kralik et al. (2021) Croatia 6 540 Tetra SL 47 35 Corn + SBM fish oil 0-15 Diet

'N' = number of observations.
*Provided as g/kg diet.

*Fatty acids intakes (expressed in g/bird/d) were calculated either from dietary treatments (available in the dietary composition table) or material supplemented to diets by multiplying them to feed intake.
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Table 2. Summary of descriptive statistics of the studies
included in the meta-analysis.

Ttem N'  Min  Max Mean SD’

Birds 198 12 1152 166.92 184.70
Age, week 198 18 67 35.87 15.45
Length, day 198 18 168 59.98 36.00
Oil supplementation, g/kg 136 0.00  120.00 21.86 21.65
Seed supplementation, g/kg 81 0.00  250.00 68.21 68.69

Nutrient composition of diets

Metabolizable energy, keal/kg 183 2,600.00 3,095.00 2,839.80 88.96
Ether extract, % 105 2.75 14.23 7.33  2.65
Crude protein, % 167 14.50 21.50 1746  1.79
Lysine, % 113 0.64 1.13 0.88 0.13
Methionine, % 97 0.27 0.62 0.42 0.08
Performance
Feed intake, g/d 198 90.80 137.30 108.23 11.87
Hen day production, % 121 53.50 99.80 90.40 10.44
Feed conversion 103 1.50 3.10 2.07 0.32
Fgg weight, g 141 54.10 67.20  61.51  3.67
Egg yolk, g 106 13.10 19.60 1596  1.39
Cholesterol, % 48 10.71 37.30 1529  6.13
FA composition of diet, g/kg
C18:2 n-6* 176 1.00 5.43 4.92  1.07
C18:3 n-3" 180 0.02 1.65 1.16  0.31
Ratio of n6:n3 176 0.26 11.72 7.05 0.12
C20:5n-3” 36 0.01 4.60 091 0.13
(22:6 n-3° B 37 0.01 5.70 1.59  0.17
Total n-3 PUFA' 198 0.04 7.81 524  1.09
Fatty acids intake, g/bird/d
C18:31n-3 194 0.10 7.90 1.02  1.26
C20:5n-3 51 0.00 0.59 0.08 0.14
C22:6 n-3 53 0.00 0.73 0.14 0.21
Total n-3 198 0.01 7.90 111 1.24
Fatty acids composition of egg, mg/egg
C18:2 n-6 153  200.84 2,898.78 1,017.86 496.69

C18:3n-3 164 1.60 855.81 141.58 156.10
C20:5n-3 132 0.10  55.59 5.61  9.19
C22:6 n-3 164 0.80 29234  97.22 60.69
Total n-3 PUFA 182 2.17 1,006.26  254.93 199.25
n6,/n3 ratio 102 125  53.88 8.45 9.16

!N = number of observations.

28D = standard of deviation.

3C18:2 n-6 = Linoleic acid (LA).

1C18:3 n-3 = a-linolenic acid (ALA).

®(20:5 n-3 = Eicosapentaenoic acid (EPA).

6(22:6 n-3 = Docosahexaenoic acid (DHA).

"Total n-3 PUFA was summed as C18:3n-3 + C20:5n-3 + C22:6n-3 or
as indicated in the articles.

energy and protein, respectively, while the other studies
used wheat + SBM (3 studies), corn + wheat + SBM (3
studies), barley + SBM (1 study), and sorghum + SBM
(1 study). Information on nutrient composition of diets
(metabolizable energy, ME; % ether extract, % crude
protein, % lysine, % methionine) including fatty acids
compositions (g/kg diet) are summarized in Table 2.
Nutrient profiles of the experiments were in a normal
range according to nutrient recommendations of most
breeder companies or the National Research Council
(National Research Council, 1994). Nevertheless, FA
profiles were greatly different as indicated from large SD
values which is reasonably due to the large variability of
supplemental treatments.

Effects of Dietary Fatty Acids Levels

The results presented herein are based on linear mod-
els because most quadratic terms were not significant to
predict response variables. The relationship between the
concentration of ALA, n-3 PUFA, and the ratio of LA/
ALA in the diet with production performance parame-
ters in laying hens is reported in Table 3. These fatty
acids concentrations were not related to feed intake and
egg weight, and egg yolk. For egg production, the effects
of increasing supplementary levels of ALA and total n-3
PUFA tended to be negative (P < 0.10) but the magni-
tude was very small (R® = 0.003). Concurrently, FCR
tended to increase when levels of ALA increased
(P = 0.092, R* = 0.004). Interaction effects from covari-
ates (strain, period, age, and source of FA) are not pro-
vided because of the lack of significance on these
production parameters.

On the other hand, responses of fatty acids content in
egg were mostly influenced by independent variables
tested (Table 4). In the initial models, we included all
individual FA with a sufficient number of observations
(sample size > 30), but then removed several predictor

Table 3. Regression equations of the production performance of laying hens with supplemental fatty acids on the diets as obtained from

the mixed model analysis.

Parameter estimates

Model statistics

Response variable Independent variable(g/kg) N' Intercept ~ SE’ Intercept  SlOPE SE giope ~ P-value RMSE®  AIC' R®
Feed intake, g/d ALA” 180 100.15 0.94 —0.01 0.01 0.692 11.71 954 0.000
LA/ALA 180 99.94 0.93 0.01 0.03 0.855 11.82 936 0.003
n-3 PUFA® 180 100.08 0.85 —0.02 0.01 0.509 11.90 1,007 0.000
Egg production, %  ALA 99 77.69 1.13 —0.05 0.03 0.069 10.56 457 0.003
LA/ALA 99 76.99 1.08 0.01 0.01 0.766 8.44 455 0.140
n-3 PUFA 99 77.31 0.99 —0.04 0.02 0.094 10.46 545 0.003
Feed conversion ALA 85 2.59 0.04 0.00 0.00 0.092 0.34 —-4.2  0.004
LA/ALA 85 1.73 0.64 0.00 0.00 0.929 0.32 —28.5  0.145
n-3 PUFA 85 2.59 0.04 0.01 0.00 0.116 0.32 -13.7  0.001
Egg weight, g ALA 119 66.11 0.63 0.00 0.01 0.996 3.79 467 0.029
LA/ALA 119 66.11 0.37 -0.003 0.02 0.885 3.87 460 0.002
n-3 PUFA 119 66.11 0.32 -0.01 0.01 0.731 3.68 495 0.001
Yolk, g ALA 88 17.32 0.34 0.01 0.01 0.376 5.95 241 0.080
LA/ALA 88 17.08 0.19 -0.01 0.01 0.457 5.98 234 0.070
n-3 PUFA 88 17.08 0.17 -0.01 0.01 0.470 6.13 1241 0.020

N = number of observations.

2SE = standard error.

*RMSE = root means square error.
1AIC = Akaike information criterion.
LA = C18:2 n-6 (Linoleic acid).
SALA = C18:3 n-3 (a-linolenic acid).
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Table 4. Regression equations to estimate the egg’s fatty acids composition of laying hens in responses to fatty acids composition of feed

supplemented with n-3 PUFA sources.

Parameter estimates

Model statistics Interaction models

Content of fatty acids Independent SE’ 5 | , levelvs.  level level vs.
in egg (mg/egg) variable N' Intercept iutercept Slope  SEggp. P-value RMSE® AIC R strain vs.age  source
LA® ALA 136 999.19 7592 —1.12 0.55 0.043  410.04 1,504 0.342 0.966 0.976 0.814
LA/ALA 136 1,031.48  42.26 2.98 1.59 0.065  413.06 1,507 0.288 0.982 0.566 0.003
] n-3 PUFA 136  1,071.69  40.05 0.15 1.47 0.919  495.79 1,689 0.558 0.485 0.215 <0.001
ALAS ALA 142 22.71 32.19 2.73 0.39 <0.001  156.26 1,483 0.003 0.317 0.960 0.253
LA/ALA 142 92.87 3280 —0.21 1.02 0.839 154.82 1,523 0.090 0.882 0.868 <0.001
. n-3 PUFA 142 31.69 26.54 5.94 1.00 <0.001  141.86 1,713 0.628 0.079 0.001 <0.001
EPA’ ALA 110 14.96 2.63 —0.15 0.05 0.002 9.58 650 0.237  0.997  <0.001 0.307
LA/ALA 110 8.78 1.88 —0.25 0.10 0.015 9.57 656 0.158 0.987 0.063 0.212
n-3 PUFA 110 7.15 1.47 0.12 0.07 0.067 8.87 765  0.592 0.984 0.853 0.629
DHA® ALA 142 88.11 7.88 0.48 0.12 <0.001 39.93 1,585 0.655 0.904 <0.001 0.544
LA/ALA 142 112.85 8.70  —1.40 0.31 <0.001 53.93 1,636 0.083 0.525 0.301 0.769
n-3 PUFA 142 88.82 10.27 0.99 0.34 0.005 60.21 1,800 0.628 0.003 <0.001 0.000
Total n-3 PUFA”’ ALA 160 136.09  39.40 2.90 0.48 <0.001  134.39 1739  0.684  0.484 0.825 0.399
LA/ALA 160 258.61 38.12  —0.37 1.25 0.003  186.84 1772 0.143 0.027 0.768 0.999
n-3 PUFA 160 140.49  30.59 9.59 1.12 <0.001  185.04 1884 0.812 0.312 0.360  <.0001
Ratio of n6mn3" ALA 89 7.16 221  —0.09  0.03 0.004 8.29 746 0.186  0.895 0.950  0.788
LA/ALA 89 3.46 1.93 0.19 0.07 0.012 6.87 751  0.321 0.195 0.551 0.106
n-3 PUFA 89 15.12 0.62 —0.15 0.10 <0.001 9.12 638 0.243 0.403 0.563 <0.001
Cholesterol, % ALA 48 12.54 0.50 —0.01 0.00 0.201 1.36 149 0.012 0.221 0.614 0.021
LA/ALA 48 12.27 0.47 —0.04 0.02 0.075 1.21 142 0.010  0.862 - -
n-3 PUFA 48 12.13 041 —0.03 0.02 0.181 1.39 141  0.000  0.835 0.570 0.003

'N = number of observations.

2SE = standard error.

SRMSE = root means square error.

4AIC = Akaike information criterion.

LA = C18:2 n-6 (Linoleic acid).

SALA = C18:3 n-3 (a-linolenic acid).

"EPA = C20:5 n-3 (Eicosapentaenoic acid).
SDHA = (22:6 n-3 (Docosahexaenoic acid).

“Total n-3 PUFA = total of n-3 polyunsaturated fatty acids (ALA, EPA, DHA).

19Ratio of n6:n3 was calculated as total n6 divided by total n3 FAs.

variables such as EPA and DHA because the sample
sizes were low and weak to estimate response variables.
Therefore, we retained prediction models with the con-
centration of ALA, total n-3 PUFAs, and the ratio of
LA/ALA. Among predictor variables tested, concentra-
tion of ALA in the diets significantly predicted the LA
(P=0.043, R® = 0.342), ALA (P < 0.0001, R* = 0.003),
EPA (P = 0.002, R* = 0.237), DHA (P < 0.0001, R® =
0.449), total n-3 PUFA (P < 0.0001, R® = 0.528), and
n6,/n3 ratio (P = 0.004, R* = 0.186) with large variabil-
ity of coefficient of determinants. Responses of contents
of ALA, DHA, total n-3 PUFAs, and n6/n3 ratio in
egg were significantly related to the concentration of
n-PUFAs in the diets (P < 0.01) with the highest
degree of prediction on mg n-3 PUFAs concentration
in egg (P < 0.0001, R® = 0.812). According to calcu-
lations based on the dataset, both ALA and total n-3
PUFAs concentration failed to predict egg’s choles-
terol concentration while increasing the ratio of LA/
ALA in the diet tended to decreased cholesterol level
in egg (P = 0.075). Contents of EPA, DHA, and
total n-3 PUFAs in egg were also linearly decreased
(P < 0.01) when the ratio of LA/ALA increased. As
a predictor variable, concentration of ALA in the
diets resulted in higher prediction models to DHA
content in egg (slope = 0.482; R® = 0.684) when com-
pared to levels of dietary total n-3 PUFAs
(slopes = 0.998, R® = 0.628) (AIC = 1585 vs. 1800,

respectively). The comparison for these equations is
shown in Figure 2. Conversely, total n-3 PUFAs in
diets also had a higher degree of prediction on n-3
PUFAs content in egg (slope = 9.59; R® = 0.812)
that that of ALA levels in the diet (slope = 0.289; R”
= 0.528).

Interaction Effects from Moderator Variables

A significant interaction between the dietary concen-
tration of n-3 PUFA x FA sources to predict total n-3
PUFA and DHA contents (mg/60 g egg) was observed
(P <0.01). As shown in Figure 3, Two FA sources were
chosen as the factors with the most significant effects to
predict n-3 PUFA content in egg. Flaxseed oil is the best
predictor for n-3 PUFA content in egg (P < 0.0001, R”
= 0.855) while the combination of more than one FA
sources resulted in lower estimate for n-3 PUFA content
in egg (P = 0.0281, R” = 0.369). As the concentration of
DHA (mg/ 60 g egg) was affected by the interaction
between FA sources and levels of n-3 PUFA in the diets
(P < 0.0001, Table 3), prediction models for several
sources of FA were developed and are presented in
Figure 4. Microalgae (P < 0.0001, R = 0.697) and fish
oil (P = 0.0148, R* = 0.732) are 2 groups of FA sources
that could improve the prediction equation to estimate
DHA content in egg while mixed source of FA lowered
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Figure 2. Relationship between levels of n-3 PUFA in the diets with some n-3 PUFA sources and the formation of total n-3 PUFA contents
(mg) in egg of laying hens.
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Figure 3. Relationship between levels of n-3 PUFA in the diets with some n-3 PUFA sources and the formation of DHA contents (mg) in egg of

laying hens.
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Figure 4. Relationship between levels of a-linolenic acid in the diets and contents of DHA, total n-3 PUFA, and ratio of n6:n3 in egg.

the model (P = 0.0002, R® = 0.529). The interaction
effects between levels of ALA vs. age were significant on
EPA and DHA contents in egg (P < 0.0001). Interaction
effects between levels of n-3 PUFA vs. strain and
between LA/ALA ratio vs. strain were also found to be
significant on DHA content (P = 0.003) and total n-3
PUFA content in egg (P = 0.027).

Subgroup Analysis

Table 5 reports discrete analysis of fatty acids profile
of egg as influenced by different sources of FA supple-
mented to diet. Overall, dietary inclusion with

ingredients high in n-3 FA concentration present signifi-
cant effects on fatty acids contents of egg (P < 0.01) but
they did not influence cholesterol concentration in egg
(%). Higher LA content in egg was found with sunflower
oil supplementation (P < 0.05) while other supplement
materials were similar with the control group. Supple-
mentation with soybean oil resulted in a significantly
lower on egg's ALA content (P < 0.05) but it signifi-
cantly increased with flaxseed oil, flaxseed meal, or a
mixture of several ingredients rich in n-3 PUFA contents
when compared with the control (P < 0.05). Most of the
FA sources did not change the level of EPA in egg except
for fish oil supplementation which elevated the EPA (P
< 0.05). DHA and total n-3 PUFA concentrations in egg

Table 5. Effects of the sources of supplemental fatty acids on egg’ fatty acids composition (expressed as mg/egg) from laying hens.

Fatty acids composition (mg/egg)’

Source of supplemental FA C18:2 n-6 C18:3n-3 C20:5n-3 (C22:6 n-3 n-3 PUFA n6/n3 ratio Cholesterol, %
N 137 137 109 137 155 87 44
Control 1030.35" 52.70" 2.56" 65.31¢ 133.35° 11.91" 15.81
Microalgae 1062.93" 79.48" 3.94b" 131.90"" 244.21" 7.41b° 15.89
Flaxseed (seed,/meal) 990.87" 257.03" 8.70™" 109.50" 390.35" 5.13¢ 15.80
Flaxseed oil 947.10" 227.27° 4.69" 121.45" 379.60" 3.92° 16.83
Fish oil 1087.72" 37.46" 15.70" 150.49" 238.46" 7.59" 15.61
Hemp seed oil 1132.12° 157.91%" 4.09" 91.14" 309.96" - 15.56
Linseed oil 1137.13" 140.09"" 0.82" 122.26" 322.58" 4.30° 16.75
Mixture sources 1031.73" 206.87" 9.99"" 119.41" 354.51" 3.01°¢ 15.95
Soybean oil 1143.57" 2.45° 2.00" 47.74 101.43¢ 22.52° 17.72
Sunflower oil 1402.05" 29.33" 2.88" 33.56" 108.50° 3.53¢ 16.45
SEM 112.16 49.26 3.09 16.90 56.40 2.36 0.53
P-value <0.001 <0.001 0.004 <0.001 <0.001 <0.001 0.130

2bCMeans with different superscripts within the same row differ at P < 0.05.

1C18:2 n-6 = Linoleic acid.

2C18:3 n-3 = a-linolenic acid. 3C20:5 n-3 = Eicosapentaenoic acid. 4022:6 n-3 = Docosahexaenoic acid. 5n-3 PUFA was summed as C18:3n-
3 + C20:5n-3 + C22:6n-3 or as indicated in the articles. 6N = number of observations.
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were significantly increased with diets supplemented
with almost sources of FA ingredients such as microal-
gae, flaxseed, fish oil, linseed oil, and combination of
these sources (P < 0.05) while sunflower oil and soybean
oil failed to increase the DHA content in egg (P > 0.05).
Concomitantly, these FA sources decreased the n6:n3
ratio in eggs (P < 0.05), except for fish oil which the n6:
n3 did not changed compared to control.

DISCUSSION

Production of Fatty Acids Intake on Laying
Hens’ Performance

Despite it was postulated that enriching diets with
omega 3 precursor is the most effective strategy to
enhance functional FA properties in egg, the supplemen-
tation effects on production parameters must be well
understood. Overall, responses of hens’ performance cor-
responded with a large variety of fat and oil sources sup-
plemented to individual study were generally not
significant and were not age-, strain-, or trial period-
dependents. However, we found that higher ALA intake
tended to decrease egg production and FCR. This could
be due to the decreased of CP or phosphorus (P) levels
as PUF As supplementation increased which is similar to
the study of Aguillon-Paez et al. (2020) and
Lee et al. (2021), respectively. Additionally, such minor
effects might also be attributed to the effects of antinu-
tritional factors (ANFs) presence in the supplemented
ingredients as FA sources that had a negative conse-
quence on palatability and nutrient digestion
(Fraeye et al., 2012a; Aguillén-Pdez et al., 2020;
Lee et al., 2021). This might be expected when seeds or
meal forms of FA sources were incorporated. Evidences
regarding this reason are available from several previous
studies. For instance, a recent experiment using 13.5%
sunflower and flaxseed decreased egg production by
14.6% (Aguillon-Paez et al., 2020). Similarly, laying
hens fed diets with 5% milled flaxseed resulted in BW
decrease after 24 h (Ehr et al., 2017). Supplementing
diet with 15% flaxseed was also reported to decrease egg
production by 8.26% while concurrently increased FCR
(Jia et al., 2008).

Although there was no report on the antinutritional
content of the ingredients, however, cyanogenic glyco-
sides and tannins are mostly presented in flaxseed that
can impair respiration rate and stress in laying hens.
Other ANFs in flaxseed are phytic acid and trypsin
inhibitors  that increased intestinal  viscosity
(Alzueta et al., 2003) reduced nutrient bioavailability
(Goyal et al., 2014). These situations were reported to
negatively impact laying performance and quality of
eggs (Imran et al., 2015). In addition, sunflower meal
was reported to contain chlorogenic (1.56%), quinic
acids (0.48%) (Senkoylu and Dalet, 1999), and up to
3.5% phenolic acids that can inhibit trypsin and lipase
activities as well as bind lysine and methionine
(Aguillon-Paez et al., 2020). However, such negative
effects somehow not appeared, probably due to the

inclusion level or form of ingredients that directly influ-
enced the nutrient composition of diets offered. Impor-
tant steps to avoid the negative effect on ANFs in seed
as n-3 FA sources are by mechanical processing such as
extruding or heating or by enzyme supplementation
(Westbrook and Cherian, 2019; Huang et al., 2020). In
this regard, (Huang et al., 2020) reported that adding
9% extruded flaxseed did not affect egg production, egg
weight, and feed intake.

Several recent studies using oils or soluble ingredients
as sources of dietary FA have been suggested to not
affect the performance parameters in laying hens. Sup-
plementations with 0.8% flaxseed oil, 3.5% soybean
oil + 1.5% fish oil, or 9% hemp seed oil were reported to
not affecting hen day production, feed intake, FCR, egg
weight, and egg quality parameters (Jing et al., 2017;
Kralik et al., 2021; Lee et al., 2021). However, it is
important to note that continuous exposure to diets sup-
plemented with fish oil or ingredients containing a high
gap of LA to ALA would decrease egg weight because
recommended LA % in diets is required to maintain egg
weight (Grobas et. al., 1999). It was reported that fish
oil supplementation rich in ALA did not affect egg
weight for 12 wk trial period but decreased the egg
weight after 16 wk (Dong et al., 2018).

Effects of Types of Fatty Acids on n-3 PUFA
Formation in Egg

Production of egg containing desired content of omega
3 is expected to continuously increase in the future, rea-
sonably due to increasing consumers' demand for supe-
rior egg quality. Interests to increase daily intakes of
functional properties available in egg have driven poul-
try nutritionists to improve deposition efficiency of
omega 3 fatty acids in egg. It is well documented that
the concentration of omega 3 in egg was successfully
increased by adding fat or oil sources (Fraeye et al.,
2012b; Alagawany et al., 2019). Empirical relationships
between supplementation n-3 sources on egg's omega-3
contents are widely proven. However, in some aspects, it
is not clear what factors contributed to the large varia-
tions of omega-3 formation among studies. Therefore,
this meta-analysis attempted to systematically analyze
aspects that hypothesized to interfere with the conver-
sion efficiency of omega 3 in egg.

In the present meta-analysis, our findings revealed
that increasing ALA levels in the diets linearly increased
EPA, DHA, and total n-3 PUFAs and concomitantly
decreased LA concentration in eggs. From the results, it
can be interpreted that feeding 100 g/kg ALA would
produce egg with £136 mg DHA. However, we also
found that increasing LA levels which represented by
increasing LA to ALA proportion could also linearly
decreased formation rates of EPA, DHA, and n-3
PUFAs formation. Though weaker, total n-3 PUFA con-
tent in the diet could also predict DHA formation
because ALA predominantly composed the n-3 PUFA in
many FA sources. This was supported by a previous
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study reporting that excessive amounts of long-chain
fatty acids other than ALA, EPA, and DHA lowered
conversion efficiency (Cachaldora et al., 2008). To our
knowledge, studies presenting conversion efficiency of
specific FA on ALA, EPA, DHA, and n-3 PUFAs in
eggs are limited. Most of previous authors often pre-
sented their dietary FA enrichment experiments without
rate of LA conversion from feed to eggs. Our results sug-
gested that the concentration of ALA, n-3 PUFA, and
the ratio of LA /ALA can be used as a single predictor to
estimate DHA and total n-3 PUFA formation in egg. In
the models, these independent variables showed signifi-
cant linear relationships with variable estimates, espe-
cially DHA and total n-3 PUFA. We found that the
magnitude among predictor variables varied, with the
concentration of ALA in diets better to predict DHA for-
mation while total n-3 PUFA had a stronger prediction
model to estimate the n-3 PUFA deposition in egg
according to the coefficient of determinant.

Our findings were in agreement with available theory
that ALA serves as the main precursor for EPA and
DHA synthesis. When ingested by laying hens, A-6-desa-
turase enzymes desaturate the ALA by removing the
hydrogen atom and then elongated by adding the car-
bons to form EPA. From this standpoint, EPA is further
converted to DHA by elongation and desaturation pro-
cesses (Fraeye et al., 2012b). The conversion efficiency of
ALA into DHA varied among experimental setup, pri-
marily caused by the proportion of LA included
(Ehr et al., 2013). Tt is because A-6-desaturase can also
utilize linoleic acid as substrate although the activity is
lower than on ALA. Therefore, increasing the ratio of
LA/ALA may disturb the DHA formation in egg due to
substrate competition (Fracye et al., 2012a). Several
recent investigations support this reason. For example,
decreasing LA while increasing ALA proportions from
various FA sources linearly elevated DHA content in egg
(Huang et al., 2018; Omri et al., 2019; Aguillén-
Péaez et al., 2020; Lee et al., 2021). In addition to LA/
ALA proportions, other factors explaining the discrepan-
cies of DHA deposition are the age of hens and the
source of FA. Age was previously proposed to influence
DHA conversion efficiency (Fracye et al., 2012a) and
this meta-analysis empirically confirmed that finding.
Older hens are known to have larger liver which has
more effective metabolism especially in the DHA forma-
tion from ALA sources.

Furthermore, this meta-analysis also emphasized that
ingredients used as ALA sources explained different effi-
ciency to form DHA and total n-3 PUFA. This could be
attributed to a large variation in the fatty acids profile
of each ingredient. As the most concentrated ALA
source in comparison to FA sources (Harris et al., 2009),
flaxseed oil supplementation had the most efficient
source to produce n-3 PUFA in egg (Figure 2). On the
other hand, fish oil is suggested to have the highest con-
version efficiency in DHA formation (Figure 3). It is
plausible because fish oil is rich in DHA content by
nature. Comparison studies have demonstrated that
DHA content of egg yolk was significantly greater with

fish oil supplemented diet when compared with linseed
oil and microalgae (Rizzi et al., 2009). Similarly, by com-
paring fish oil and linseed oil supplemented diets,
(Ebeid, 2011) found that fish oil resulted in higher con-
tents of EPA and DHA in egg. Most recent study also
reported that inclusion of 1.5% fish oil produced 142 mg
DHA/ 60 g egg (Kralik et al., 2021) which higher than
0.8% flaxseed oil (estimated DHA = 106 mg/ 60 g egg)
(Lee et al., 2021) and 5 to 10% flaxseed with microalgae
(DHA estimated = 76—89 mg/ 60 g egg) (Ngo Njembe
et al., 2020). Our discrete analysis showed that fish oil
supplementation resulted in the highest DHA content
when compared to control and other sources of FA
(Table 5).

Above all, it should be kept in mind that one major
problem to include n-3 PUFA in the diets is its suscepti-
bility to lipid oxidation (Faitarone et al., 2016) which
directly affects egg quality and flavor. Increasing soluble
flaxseed oil was reported to increase MDA concentration
in egg (Lee et al., 2021). Several previous studies using
fish oil and flaxseed were reported to increase lipid oxi-
dation in egg (Hayat et al., 2010; Kralik et al., 2021).
Thus, adding antioxidants together with n-3 PUFA
sources has been proposed as an effective strategy to
inhibit oxidation that could deteriorate egg and shorten
the lifespan of egg (Huang et al., 2019; Omri et al., 2019;
Sepidarkish et al., 2019).

CONCLUSIONS

The concentration of ALA, total n-3 PUFA, and the
ratio of LA/ALA in diets had a linear relationship with
EPA, DHA, total n-3 PUFA, and n6/n3 ratio and they
can be used as predictor variables to estimate the forma-
tion of n-3 fatty acids in egg. Nevertheless, the associations
were age and sources dependent. It was confirmed that
although all n-3 FA sources supplemented to diets had a
positive correlation for DHA and n-3 PUFA deposition,
however, our study emphasized that fish oil had the high-
est prediction model for DHA formation in egg across all
FA sources included in the dataset. In addition, our study
suggested that increasing supplementary levels of ALA or
n-3 PUFA in the diet might cause a detrimental effect on
the production performance of laying hens. Therefore, a
limit inclusion level must be set considering the presence
of antinutritional factors in the material used.
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