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ABSTRACT The aim of this study was to compare
the dynamic changes of egg selenium (Se) deposition
and deposition efficiency and to evaluate the efficacy of
selenium-enriched yeast (SY) in laying hens over the
84 d feeding period after SY supplementation. A total of
one thousand one hundred fifty-two 30-wk-old, Hy-Line
Brown hens were randomly assigned to 1 of 6 groups
(192 laying hens per group) with 6 replicates of 32 birds
each, fed a basal diet (without Se supplementation),
basal diet with 0.3 mg/kg of Se from sodium selenite
(SS) or basal diets with 0.1, 0.2, 0.3, or 0.4 mg/kg of Se
from SY, respectively. The results showed that the Se
concentrations in the eggs and breasts from hens fed a
SY-supplemented diet were significantly higher than
those from hens fed a SS-supplemented diet or a basal
diet (P , 0.001). There was a positive linear and
quadratic correlation between Se concentrations in the
eggs from hens fed a SY-supplemented diet and dietary
Se supplementation on days 28, 56, and 84 (r2 5 0.931,
0.932, 0.976, P , 0.001; r2 5 0.946, 0.935, 0.976,
P, 0.001), respectively. The Se deposition efficiency in
whole eggs from hens fed a basal or SY-supplemented
diet weresignificantly higher than those in eggs from
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hens fed a SS-supplemented diet on days 28, 56, and 84
(P , 0.001), respectively. In addition, there was a
positive linear and quadratic correlation between Se
concentrations in the eggs from hens fed SY-
supplemented diet (r2 5 0.655, 0.779, 0.874, 0.781,
P, 0.001; r2 5 0.666, 0.863, 0.944, 0.781, P, 0.001) or
SS-supplemented diet (r2 5 0.363, P 5 0.002;
r2 5 0.440, P 5 0.002) and number of feeding days. In
conclusion, the organic Se from SY has higher
bioavailability and deposition efficiency of Se in whole
eggs as compared with inorganic Se from SS. The Se
concentrations and Se deposition efficiency in the eggs
increased from hens fed a SS- or SY-supplemented diet
but decreased from hens fed a basal diet with the
extension of the experimental duration. The results
indicate that the dietary Se supplementation from SY
should be limited to a maximum of 0.1 mg Se/kg com-
plete feed when the eggs and meat produced from hens
fed a SY-supplemented diet are used as food for humans
directly, whereas up to 0.4 mg/kg organic Se from SY
can be used to supplement the diets for laying hens
when the products are used as raw materials for pro-
ducing Se-enriched food.
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INTRODUCTION

The importance of selenium (Se) to human health has
become a focus in recent years (Danielle and David,
2003; Kieliszek and B1a _zejak, 2013, 2016). Selenium
has antioxidant properties and protects the organism
against the actions of free radicals and carcinogenic fac-
tors (Danielle and David, 2003; Kieliszek and B1a_zejak,
2013). It constitutes an integral part of some enzymes,
including the glutathione peroxidase, type I iodothyro-
nine deiodinase, and thioredoxin reductase (Berry
et al., 1991), which help to control levels of hydrogen
peroxide and lipid peroxides that are produced during
normal metabolic activities (Rotruck et al., 1973;
Kieliszek and B1a_zejak, 2016). It induces the occurrence
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of the selenoprotein synthesis process involved in the
antioxidant defense mechanism of the organism. In
addition, Se is also essential for the activity of virtually
all arms of the immune system (Surai, 2000; Kieliszek
and B1a_zejak, 2016). So, it has become increasingly
evident that Se has many potential health benefits
beyond meeting basic nutritional requirements.

Selenium-enriched food (meat, milk, and egg) can be
used to improve the Se status of humans (Kieliszek
and B1a_zejak, 2016). In poultry industry, it is common
practice to supplement the diets of laying hens with
appropriate Se to enhance the Se concentration of
carcass meat and eggs. Traditionally, sodium selenite
(SS) is the most common source of Se used in animal
feeds, whereas organic forms, such as Se-enriched yeast
(SY) and Se–methionine (SM), have been advocated
and approved for use as Se additive to maintain poultry
health and to increase the Se concentration of carcass
meat and eggs in recent years (Federal Register, 2002;
European Union, 2006; Ministry of Agriculture, 2008;
Kieliszek and B1a _zejak, 2016). Organic Se possesses anti-
oxidant properties and has higher bioavailability and
rates of product accumulation as well as lower toxicities
as compared with inorganic form (Payne et al., 2005;
Pan et al., 2007; Thiry et al., 2012; Lu et al., 2018).
Organic Se from SY is predominantly composed of SM,
which is probably created by the yeast cellular biomass
from different forms of Se and could be incorporated
into carcass meat and eggs as effectively as methionine
(Ochoa-Solano and Gitler, 1968; Beilstein and
Whanger, 1986). Potential SM can nonspecifically bind
with proteins at the methionine site, which may result
in high levels of Se accumulation in tissues (Kieliszek
and B1a _zejak, 2013, 2016). It has been reported that
Saccharomyces genus yeast can accumulate up to
2.846 mg of Se in 1 g of biomass dry substance
(Kieliszek et al., 2016).

Eventhough Se is an element that fulfills an important
physiologic function and organic Se from SY has higher
bioavailability in comparison with the inorganic form
(Kieliszek and B1a_zejak, 2013, 2016; Lu et al., 2018),
food supplementation with Se should be carried out in
a careful and controlled way to avoid causing the oppo-
site effect than intended, because selenium is one of the
most toxic elements in relatively small quantities being
at the same time an essential micronutrient with an
important biological role (Kieliszek and B1a _zejak, 2013,
2016). There is a narrow line between the concentration
that still has beneficial effects on an organism and that at
which Se begins exerting toxic effects (Spallholz and
Hoffman, 2002; Todorovi�c et al., 2004; Kieliszek and
B1a_zejak, 2013). Excessive Se intake may cause oxidative
damage, which leads to genome instability (Thiry et al.,
2012; Kieliszek and B1a_zejak, 2016). Therefore, the effi-
cacy of Se source must be evaluated to ensure consumer
safety, as the Se-enriched product (meat, eggs, etc.) pro-
duced by hens fed a Se-supplemented diet might be used
as food or raw materials for producing Se-enriched food
(European Food Safety Authority, 2012).
To provide theoretical bases for producing Se-
enriched food and to ensure consumer safety from con-
sumption of eggs and meat produced from hens fed a
SY-supplemented diet, the dynamic changes in egg Se
deposition and deposition efficiency were compared,
and the efficacy of SY in laying hens were evaluated
over the 84 d feeding period after SY supplementation.
MATERIALS AND METHODS

Study Design

A total of one thousand one hundred fifty-two 30-wk-
old, Hy-Line Brown hens were randomly assigned to 1 of
6 groups (192 laying hens per group) with 6 replicates of
32 birds each. All birds were acclimated to a basal diet
for 2 wk. At the end of wk 32, the birds were fed diets
supplemented with 0 (blank control group), 0.3 mg/kg
of Se from SS (analytical grade, 1% Se content, Chelota
Co., Ltd., Sichuan, China, SS control group), and 0.1,
0.2, 0.3, or 0.4 mg/kg Se from SY (2,000 mg/kg Se con-
tent, Angel Yeast Co., Ltd., Hubei, China, experimental
groups) for 12 wk.
Birds, Diet, and Management

This trial was carried out at the Poultry Institute of
the Chinese Academy of Agricultural Sciences (Yangz-
hou City, Jiangsu, China). Two birds were housed in
individual 37 ! 40-cm wire cages, providing 740 cm2

of living space per bird, under a 16:8-h light-dark cycle
at a constant temperature of 20�C 6 3�C and relative
humidity of 65–75%. One cage was empty, and a chip-
board was inserted into the feeders between the different
replicate cages to prevent hens in 1 replicate from eating
the other’s diet. A corn–soybean meal basal diet
(Table 1) was formulated to meet the recommendations
for laying hens of the National Research Council (1994)
with regard to the requirements of all nutrients except
Se. Dietary Se addition was based on calculated levels
for each treatment. Water and feed were provided ad
libitum during the 84 d experiment. The experiment
was conducted in the spring (from March to June). All
animal handing protocols were approved by the Animal
Care and Use Committee of the Poultry Institute.
Sample Collection and Analytical
Determination

Observations Cage-side observations, which included
the recording of any change in clinical condition or
behavior, were made at least twice daily throughout
the study period.
Laying Performance Daily egg production and egg
weight were monitored during the trial. The laying
rate is expressed as the average hen-day production,
calculated from the total number of eggs divided by the
total number of days. Feed consumption was recorded
on a replicate basis at weekly intervals. The feed



Table 1. Ingredients and nutrient levels of experimental diet.1

Ingredients Composition (%) Nutrient Nutrient levels

Corn 62.70 Metabolizable energy (MJ/kg) 11.09
Soybean meal 26.45 Crude protein (%) 16.51
Limestone 8.65 Calcium (%) 3.50
Calcium hydrogen phosphate 1.30 Available phosphorus (%) 0.35
DL-Met 0.10 Available lysine (%) 0.85
Sodium chloride 0.30 Available methionine (%) 0.35
Vitamin and trace mineral premix2 0.50 Selenium3 (mg/kg) 0.146

1Values are expressed on an air-dry basis (88% DM).
2Premix includes (per kilogram of diet): vitamin A, 8,800 IU; vitamin D3, 3,300 IU; vitamin E, 20 IU; cobalamine,

23 mg; riboflavin, 5.5 mg; niacin, 30mg; pantothenic acid, 8 mg; choline, 500mg;menadione, 1.2 mg; folic acid, 0.9 mg;
pyridoxine, 1.2 mg; thiamine, 1.7 mg; biotin, 55 mg; manganese, 90.0mg; zinc, 86.0mg; iron, 90.00mg; copper, 9.0 mg;
and iodine, 0.6 mg.

3Se level is measured value; other nutrient levels are calculated values.
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conversion is expressed as grams of feed consumed per
grams of eggs produced.
Egg Quality Freshly laid eggs were collected after the
84 d feeding period. For each examination, the internal
and external characteristics of 36 randomly selected
eggs per group (6 eggs/replicate) were recorded. The
eggs were stored at room temperature before measure-
ment, and the time interval between the eggs being
laid and measured was less than 24 h.
The length and width of the eggs were measured using

the FHK egg shape determinator (Fujihira Industry Co.,
Ltd., Tokyo, Japan), and the egg shape index was
calculated. Eggshell color was measured using the EQ
Reflectometer (Fujihira Industry Co., Ltd.) at 3 places
(blunt, equatorial, and sharp regions) with the
average used for analyses. Eggshell strength was evalu-
ated using the EggShell Force Gauge (Robotmation
Co., Ltd., Tokyo, Japan). Egg weight, albumen height,
Haugh unit, and yolk color were measured using the
Egg Multi Tester EMT-5200 (Robotmation Co., Ltd.).
Then, the yolk and albumen were separated and individ-
ually weighed. The eggshell was weighed with the
eggshell membrane intact. Eggshell thickness without
the inner membranes was measured at the equatorial
region. The ratios of yolk, albumen, and eggshell to egg
weight were calculated.
Se Assay Twelve eggs per replicate from each treat-
ment group (72 eggs per group) were randomly collected
on days 28, 56, and 84 and stored until Se analysis. Each
individual egg was weighed and broken. Three liquid
eggs were homogenized with an electric blender under
chilled conditions, collected into a chilled 10-mL plastic
tube as 1 sample, and stored at 230�C until determi-
nation of Se content (4 samples/replicate). At the end of
the experiment (day 84), 4 hens from each replicate were
slaughtered at random. Breast meat samples of about
10 g from each hen were collected and stored at 230�C
until analysis. From each slaughtered hen, an aliquot
(2.0 g wet weight basis) of breast meat was harvested,
weighed, and homogenized by the same method as the
liquid eggs. The Se deposition efficiency in whole eggs
was calculated (daily egg Se deposition/daily Se
consumption ! 100). All samples were marked with the
treatment number, replicate number, and sampling
date.
All reagents used for egg preparation and Se determi-
nation were of analytical or higher grade. Selenium stock
standard solution of SS [GBW(E)08,0215] and the
certified Se reference material, breast [GBW 0,8551],
were provided by the National Research Center for Stan-
dard Materials (Beijing, China) and the Food Detection
Science Institute of the Ministry of Commerce (Beijing,
China), respectively. The water used in the chemical
analyses was of ultrapure grade (resistance 18 MU/
cm). The Se content assay of diet, egg, and breast was
performed following the method of Pan et al. (2007)
using an AF-610A atomic fluorescence spectrometer
(Beijing Beifen-Ruili Analytical Instrument (Group)
Co., Ltd., Yangzhou, China).
Necropsy All breast meat samples for Se analysis were
collected from birds (n 5 144) killed by exsanguination
and subjected to a full postmortem examination. At
necropsy, the heart, liver, spleen, lung, kidney, pancreas,
preovulatory follicle, small yellow follicle, big white
follicle, ovary, oviduct, and uterus were weighed (paired
organs were weighed together). The numbers of preovu-
latory follicles, small yellow follicles, and big white folli-
cles, as well as oviduct length were measured.

Statistical Analysis

All data were analyzed using SPSS statistical software
(SPSS for Windows, version 16.0; SPSS Inc., Chicago,
IL). One-way analysis of variance followed by Duncan’s
multiple comparison test was used to identify differences
in means among treatments. Data were assumed to be
statistically significant at P , 0.05.
RESULTS

Actual Se Dietary Level of Each Treatment

The Se sources and levels supplemented in diets are
shown in Table 2. The actual Se levels were confirmed
by analysis. The actual Se concentrations in the blank
control, SS control, and 0.1, 0.2, 0.3, and 0.4 mg/kg
SY-supplemented diets were 0.146, 0.342, 0.218, 0.302,
0.359, and 0.487 mg/kg, respectively (Table 2). Hence,
the results of the present study were not affected by
differences between the actual and calculated Se levels.



Table 2. Se sources and levels supplemented in diets.1

Group Diet Se source

Se level (mg/kg)

Supplemental Calculated Actual

Blank control Basal diet — — 0.150 0.146 6 0.002
SS control Basal diet 1 SS SS 0.30 0.450 0.342 6 0.006
0.10 mg/kg SY Basal diet 1 SY SY 0.10 0.250 0.218 6 0.011
0.20 mg/kg SY Basal diet 1 SY SY 0.20 0.350 0.302 6 0.019
0.30 mg/kg SY Basal diet 1 SY SY 0.30 0.450 0.359 6 0.004
0.40 mg/kg SY Basal diet 1 SY SY 0.40 0.550 0.487 6 0.033

Abbreviations: Se, selenium; SS, sodium selenite; SY, Se-enriched yeast.
1Se contents are expressed on an air-dry basis (88% DM).
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Visual Observations and Laying
Performance

No treatment-related adverse clinical signs were
observed. As shown in Table 3, there were no statisti-
cally significant differences in the mean laying rate,
average egg weight, average daily egg mass, average
daily feed consumption, feed conversion ratio, and
mortality rate between the treatment and control groups
(P 5 0.172, 0.305, 0.641, 0.913, 0.665, and 0.768,
respectively).
Necropsy

After 84 d of SY treatment, there were no statistically
significant changes in visceral and reproductive organ
development between the treated and control hens
(P . 0.05; Tables 4 and 5).
Egg Quality

The external and internal qualities of fresh eggs from
hens administered with different sources and doses of
Se-supplemented diets are shown in Table 6. There
was no significant difference in any of the egg quality
traits among dietary groups (P . 0.05).
Egg Se Concentration

The Se concentrations in the eggs from hens fed a SS-
or SY-supplemented diet were significantly higher
(P , 0.001) than those in eggs from hens fed a basal
diet on days 28, 56, and 84, respectively (Figure 1).
The Se concentrations in the eggs from hens fed diets
Table 3. Laying performance of hens during a study to evaluate

Item Blank control SS contro

Laying rate (%) 93.65 93.77
Average egg weight (g) 60.62 60.10
Average daily egg mass (g/bird per day) 56.77 56.36
Average daily feed consumption (g/bird
per day)

118.43 118.68

Feed conversion ratio (g of feed/g of egg) 2.09 2.11
Mortality (%) 4.17 0.52

Abbreviations: Se, selenium; SS, sodium selenite; SY, Se-enriched yeas
1Values are means of 6 replicates per dietary treatment.
supplemented with 0.3 mg/kg of Se from SS or 0.1, 0.2,
0.3, and 0.4 mg/kg of Se from SY were 12.42, 21.23,
62.88, 83.91, and 141.86% higher (P , 0.001); 31.04,
40.57, 88.58, 117.17, and 183.39% higher (P , 0.001);
and 49.49, 62.39, 109.46, 151.17, and 217.01% higher
(P , 0.001) than those in eggs from hens fed a basal
diet on days 28, 56, and 84, respectively. The Se concen-
trations in the eggs from hens fed diets supplemented
with 0.2, 0.3, and 0.4 mg/kg of Se from SY were 44.89,
63.60, and 115.14% higher (P , 0.001); 43.90, 65.72,
and 116.26% higher (P , 0.001); and 40.12, 68.02, and
112.06% higher (P , 0.001) than those in eggs from
hens fed diet supplemented with 0.3 mg/kg of Se from
SS on days 28, 56, and 84, respectively. There were no
statistically significant differences between the Se con-
centrations in the eggs from hens fed diets supplemented
with 0.1 mg/kg of Se from SY and 0.3 mg/kg of Se from
SS on days 28, 56, and 84 (P . 0.05; 0.303 vs. 0.281,
0.334 vs. 0.312, 0.369 vs. 0.340 mg/kg, respectively). In
addition, there was a positive linear and quadratic corre-
lation between Se concentrations in the eggs from hens
fed a SY-supplemented diet and dietary Se supplementa-
tion on days 28 (r2 5 0.931, P , 0.001; r2 5 0.946,
P , 0.001), 56 (r2 5 0.932, P , 0.001; r2 5 0.935,
P , 0.001), and 84 (r2 5 0.976, P , 0.001; r2 5 0.976,
P , 0.001), respectively (Table 7).
As shown in Figure 2, there was a positive linear and

quadratic correlation between Se concentrations in the
eggs from hens fed diets supplemented with 0.1
(r2 5 0.655, P , 0.001; r2 5 0.666, P , 0.001), 0.2
(r2 5 0.779, P , 0.001; r2 5 0.863, P , 0.001), 0.3
(r2 5 0.874, P , 0.001; r2 5 0.944, P , 0.001), and 0.4
(r2 5 0.781, P , 0.001; r2 5 0.935, P , 0.001) mg/kg
of Se from SY or 0.3 mg/kg of Se from SS (r2 5 0.363,
SY efficacy.1

l

Supplemental Se level (mg/kg of diet,
SY)

SEM Significance0.1 0.2 0.3 0.4

93.32 93.72 93.51 93.53 0.397 0.172
60.55 60.86 59.92 60.87 0.166 0.305
56.51 56.98 56.03 56.93 0.304 0.641
118.32 118.60 117.96 118.74 0.158 0.913

2.09 2.08 2.11 2.09 0.012 0.665
1.56 2.60 1.56 1.56 0.792 0.768

t.



Table 4. Visceral organs development of hens during a study to evaluate SY efficacy.1

Item (%) Blank control SS control

Supplemental Se level (mg/kg of
diet, SY)

SEM Significance0.1 0.2 0.3 0.4

Heart index 0.320 0.356 0.325 0.308 0.313 0.325 0.007 0.689
Liver index 1.694 1.910 1.840 1.611 1.824 1.748 0.045 0.880
Spleen index 0.099 0.112 0.089 0.094 0.089 0.098 0.003 0.657
Lung index 0.370 0.433 0.412 0.393 0.352 0.351 0.011 0.746
Kidney index 0.693 0.656 0.638 0.632 0.644 0.659 0.011 0.435
Pancreas index 0.164 0.197 0.177 0.170 0.180 0.173 0.005 0.848

Abbreviations: Se, selenium; SS, sodium selenite; SY, Se-enriched yeast.
1Values are means of 6 replicates per dietary treatment.
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P5 0.002; r2 5 0.440, P5 0.002) and number of feeding
days. However, there was a negative linear and quadratic
correlation between Se concentrations in the eggs from
hens fed a basal diet (r2 5 0.531, P , 0.001; r2 5 0.565,
P , 0.001) and number of feeding days. The Se concen-
trations in the eggs from hens fed diets supplemented
with 0.2, 0.3, and 0.4 mg/kg of Se from SY for 28 d
were 39.67, 57.43, and 113.62% higher (P , 0.001),
whereas the Se concentrations in the eggs from hens fed
a basal diet for 28 d were 10.57% lower (P , 0.001)
than those in eggs from hens fed the corresponding diets
for 0 d, respectively. The Se concentrations in the eggs
from hens fed diets supplemented with 0.1, 0.2, 0.3, and
0.4 mg/kg of Se from SY for 56 d were 17.72, 54.04,
77.09, and 138.44% higher (P , 0.001), whereas the Se
concentrations in the eggs from hens fed a basal diet for
56 d were 14.81% lower (P , 0.001) than those in eggs
from hens fed the corresponding diets for 0 d, respec-
tively. The Se concentrations in the eggs from hens fed di-
ets supplementedwith 0.3mg/kg of Se fromSS or 0.1, 0.2,
0.3, and 0.4 mg/kg of Se from SY for 84 d were 17.25,
29.99, 63.54, 95.77, and 154.95% higher (P , 0.001),
whereas the Se concentrations in the eggs from hens fed
a basal diet for 84 d were 18.57% lower (P , 0.001)
than those in eggs from hens fed the corresponding diets
for 0 d, respectively.
Egg Se Deposition Efficiency

The Se deposition efficiency in whole eggs from hens
fed a basal or SY-supplemented diet were significantly
Table 5. Reproductive organs development of hens during a

Item Blank control SS control

Preovulatory follicle amount (n) 5.500 5.500
Small yellow follicle amount (n) 20.833 17.167
Big white follicle amount (n) 27.500 37.167
Oviduct length (cm) 72.750 74.583
Oviduct length index (cm/kg) 42.250 45.457
Preovulatory follicle index (%) 1.829 2.045
Small yellow follicle index (%) 0.137 0.127
Big white follicle index (%) 0.027 0.031
Ovary index (%) 2.155 2.430
Oviduct index (%) 3.665 4.106
Uterus index (%) 0.186 0.192

Abbreviations: Se, selenium; SS, sodium selenite; SY, Se-enriched
1Values are means of 6 replicates per dietary treatment.
higher (P , 0.001) than those in eggs from hens fed a
SS-supplemented diet on days 28, 56, and 84, respec-
tively (Figure 3). The Se deposition efficiency in whole
eggs from hens fed diets supplemented with 0, 0.1, 0.2,
0.3, and 0.4 mg/kg of Se from SY were 110.27, 70.14,
65.88, 55.87, and 52.51% higher (P , 0.001); 80.35,
69.20, 64.77, 57.76, and 53.26% higher (P , 0.001);
and 58.03, 71.33, 60.45, 59.96, and 50.25% higher
(P, 0.001) than those in eggs from hens fed diet supple-
mented with 0.3 mg/kg of Se from SS on days 28, 56, and
84, respectively. The Se deposition efficiency in whole
eggs from hens fed a basal diet were significantly higher
(P , 0.001) than those in eggs from hens fed a SY-
supplemented diet on days 28 and 56, but no significant
difference was found on day 84 (P . 0.05). In addition,
there was a negative linear and quadratic correlation
between Se deposition efficiency in whole eggs from
hens fed a SY-supplemented diet and dietary Se supple-
mentation on days 28 (r2 5 0.585, P, 0.001; r2 5 0.700,
P , 0.001) and 56 (r2 5 0.363, P , 0.001; r2 5 0.370,
P 5 0.002), respectively, whereas there was an
increasing and then decreasing quadratic correlation be-
tween Se deposition efficiency in whole eggs from hens
fed a SY-supplemented diet and dietary Se supplementa-
tion on day 84 (r2 5 0.335, P 5 0.010; Table 8).

As shown in Figure 4, there was a positive linear and
quadratic correlation between Se deposition efficiency
in whole eggs from hens fed diets supplemented with
0.1 (r2 5 0.520, P 5 0.001; r2 5 0.520, P 5 0.004), 0.2
(r2 5 0.481, P 5 0.001; r2 5 0.488, P 5 0.007), 0.3
(r2 5 0.772, P , 0.001; r2 5 0.772, P , 0.001), and
study to evaluate SY efficacy.1

Supplemental Se level (mg/kg of diet,
SY)

SEM Significance0.1 0.2 0.3 0.4

5.167 5.667 5.200 5.333 0.161 0.533
19.667 20.333 21.400 22.000 1.061 0.970
37.167 35.333 35.400 26.500 1.695 0.125
76.117 72.267 70.100 70.583 1.227 0.449
44.653 41.339 41.017 44.644 0.686 0.270
1.772 1.823 1.895 1.872 0.068 0.549
0.119 0.122 0.126 0.144 0.007 0.741
0.028 0.030 0.028 0.019 0.002 0.300
2.167 2.210 2.272 2.278 0.067 0.318
4.086 3.567 3.805 4.239 0.088 0.049
0.201 0.182 0.166 0.180 0.005 0.309

yeast.



Table 6. Egg quality of hens during a study to evaluate SY efficacy.1

Item Blank control SS control

Supplemental Se level (mg/kg of diet,
SY)

SEM Significance0.1 0.2 0.3 0.4

Eggshell percentage (%) 10.44 10.69 9.66 9.97 10.00 10.29 0.092 0.103
Yolk percentage (%) 23.32 22.70 22.52 22.12 22.96 22.37 0.180 0.224
Albumen percentage (%) 66.24 66.60 67.83 67.91 67.04 67.34 0.214 0.076
Eggshell strength (Kg/cm2) 4.27 4.21 3.55 4.04 4.02 4.05 0.096 0.194
Egg shape index 1.31 1.31 1.30 1.31 1.29 1.30 0.005 0.609
Eggshell thickness (mm) 0.433 0.433 0.416 0.423 0.423 0.428 0.003 0.682
Yolk color 3.83 3.33 3.75 3.50 4.00 3.42 0.082 0.132
Albumen height (mm) 6.13 5.99 6.02 5.65 5.93 5.54 0.139 0.657
Haugh Unit 77.12 76.66 76.77 73.87 77.18 74.28 1.013 0.752
Eggshell color
L 57.29 57.62 56.38 56.73 57.14 56.22 0.377 0.891
a 17.89 17.73 18.48 18.41 17.88 18.66 0.194 0.634
b 28.16 28.61 28.48 27.43 28.29 28.79 0.259 0.580

Abbreviations: Se, selenium; SS, sodium selenite; SY, Se-enriched yeast.
1Values are means of 6 replicates per dietary treatment.
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0.4 (r2 5 0.570, P, 0.001; r2 5 0.578, P5 0.002) mg/kg
of Se from SY or 0.3 mg/kg of Se from SS (r2 5 0.580,
P, 0.001; r2 5 0.581, P5 0.001) and number of feeding
days. However, there was a negative linear and
quadratic correlation between Se deposition efficiency
in whole eggs from hens fed a basal diet (r2 5 0.397,
P5 0.009; r2 5 0.397, P5 0.015) and number of feeding
days. The Se deposition efficiency in whole eggs from
hens fed diets supplemented with 0.3 mg/kg of Se from
SS or 0.1, 0.2, 0.3, and 0.4 mg/kg of Se from SY for
56 d were 11.13, 10.51, 10.38, 12.48, and 11.67% higher
(P , 0.001), whereas the deposition efficiency in whole
eggs from hens fed a basal diet for 56 d were 4.68% lower
(P , 0.001) than those in eggs from hens fed the corre-
sponding diets for 28 d, respectively. The Se deposition
efficiency in whole eggs from hens fed diets supplemented
with 0.3 mg/kg of Se from SS, or 0.1, 0.2, 0.3, and
Figure 1. Egg Se concentrations of hens over the 84 d feeding period (mg
mentation, SS control 5 a basal diet plus 0.3 mg/kg of Se from sodium sele
enriched yeast, 0.2 mg/kg SY 5 a basal diet plus 0.2 mg/kg of Se from selen
from selenium-enriched yeast, 0.4 mg/kg SY 5 a basal diet plus 0.4 mg/kg o
(a, b, c, d, e) are significantly different atP, 0.05. Egg Se concentrations for e
4 samples each (3 eggs per sample). Abbreviations: Se, selenium; SS, sodium
0.4 mg/kg of Se from SY for 84 d were 21.15, 22.00,
17.18, 24.34, and 19.36% higher (P , 0.001), whereas
the deposition efficiency in whole eggs from hens fed a
basal diet for 84 d were 8.95% lower (P , 0.001) than
those in eggs from hens fed the corresponding diets for
28 d, respectively.
Breast Se Concentration

The Se concentrations in the breasts from hens fed
diets supplemented with 0.3 mg/kg of Se from SS or
0.1, 0.2, 0.3, and 0.4 mg/kg of Se from SY were 75.98,
124.86, 166.48, 299.44, and 375.42% higher
(P , 0.001) than those in breasts from hens fed a basal
diet after the 84 D feeding period, respectively
(Figure 5). The Se concentrations in the breasts
from hens fed diets supplemented with 0.2, 0.3, and
/kg, wet weight basis). Blank control 5 a basal diet without Se supple-
nite, 0.1 mg/kg SY 5 a basal diet plus 0.1 mg/kg of Se from selenium-
ium-enriched yeast, 0.3 mg/kg SY 5 a basal diet plus 0.3 mg/kg of Se
f Se from selenium-enriched yeast. Columns with different superscripts
ach treatment data at the same collected day are means of 6 replicates of
selenite; SY, Se-enriched yeast.



Table 7. Egg and breast Se concentrations of hens over the 84 d feeding period (mg/kg).1

Item Blank control

Supplemental Se level (mg/kg of
diet, SY)

SEM

P-value

0.1 0.2 0.3 0.4 Se Linear Quadratic

Egg (28 d) 0.250e 0.303d 0.407c 0.459b 0.604a 0.024 ,0.001 ,0.001 ,0.001
Egg (56 d) 0.238e 0.334d 0.449c 0.517b 0.674a 0.029 ,0.001 ,0.001 ,0.001
Egg (84 d) 0.227e 0.369d 0.476c 0.571b 0.721a 0.032 ,0.001 ,0.001 ,0.001
Breast (84 d) 0.060d 0.134c 0.159c 0.238b 0.284a 0.015 ,0.001 ,0.001 ,0.001

a–eMeans without a common superscripts with a row differ significantly (P , 0.05).
Abbreviations: Se, Selenium; SY, Se-enriched yeast.
1Values are means of 6 replicates per dietary treatment.
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0.4 mg/kg of Se from SY were 51.43, 126.98, and
170.16% higher than those in breasts from hens fed
diet supplemented with 0.3 mg/kg of Se from SS on
day 84 (P , 0.001), respectively. The Se concentrations
in the breasts were similar from hens fed diets supple-
mented with 0.1 mg/kg of Se from SY or 0.3 mg/kg of
Se from SS (P . 0.05; 0.134 vs. 0.105 mg/kg). In addi-
tion, there was a positive linear (r2 5 0.907,
P , 0.001) and quadratic (r2 5 0.907, P , 0.001)
correlation between Se concentrations in the breasts
from hens fed a SY-supplemented diet and dietary Se
supplementation (Table 7).
DISCUSSION

In the present study, no statistically significant differ-
ences were found among all laying performance parame-
ters, no macroscopic observations were noted at
necropsy, and no histological changes were considered
to be related to treatment. In addition, these doses did
not adversely affect the visceral and reproductive organ
development. According to the 2009 annual report of the
Figure 2. The dynamic change of egg Se concentrations over the 84 d feedi
Se supplementation, SS control 5 a basal diet plus 0.3 mg/kg of Se from s
selenium-enriched yeast, 0.2 mg/kg SY 5 a basal diet plus 0.2 mg/kg of
0.3 mg/kg of Se from selenium-enriched yeast, 0.4 mg/kg SY 5 a basal d
same line with different superscripts (a, b, c, d) are significantly different a
collected day are means of 6 replicates of 4 samples each (3 eggs per sample).
European Food Safety Authority, the health status,
mortality rate, laying performance, clinical chemistry
parameters (glucose, total protein, albumin, total bili-
rubin, cholesterol, and enzymatic activities of aspartate
transaminase, alanine aminotransferase, and alkaline
phosphatase) of laying hens (Isa-Brown-Warren, 22 wk
of age) were not affected by a basal diet (without Se sup-
plementation) supplemented with 0.4 or 5.7 mg/kg of Se
from SS or SY (from Saccharomyces cerevisiaeCNCM I-
3399) for 56 d (European Food Safety Authority, 2009).
However, the laying rate decreased when laying hens
were supplemented with more than 7 mg/kg of Se from
SS (Arnold et al., 1973; Ort and Latshaw, 1978;
Cantor et al., 1984). In addition, no adverse morpholog-
ical or histological changes were noticed in the liver or
kidneys of chickens (Hybro) fed 2.0 or 5.0 mg/kg Se
from SS, and 2.0, 5.0, 10.0, or 15.0 mg/kg Se from SY
for 42 d, but higher concentrations (10.0 mg/kg Se
from SS, 20.0 mg/kg Se from SY, and higher) caused
certain alterations in liver and kidney (Todorovi�c
et al., 2004). The results of the aforementioned studies
might indicate that there is a fine line between the
ng period (mg/kg, wet weight basis). Blank control5 a basal diet without
odium selenite, 0.1 mg/kg SY 5 a basal diet plus 0.1 mg/kg of Se from
Se from selenium-enriched yeast, 0.3 mg/kg SY 5 a basal diet plus
iet plus 0.4 mg/kg of Se from selenium-enriched yeast. Values on the
t P , 0.05. Egg Se concentrations for each treatment data at the same
Abbreviations: Se, selenium; SS, sodium selenite; SY, Se-enriched yeast.



Figure 3. The Se deposition efficiency in whole eggs over the 84 d feeding period (%). Blank control5 a basal diet without Se supplementation, SS
control 5 a basal diet plus 0.3 mg/kg of Se from sodium selenite, 0.1 mg/kg SY 5 a basal diet plus 0.1 mg/kg of Se from selenium-enriched yeast,
0.2 mg/kg SY 5 a basal diet plus 0.2 mg/kg of Se from selenium-enriched yeast, 0.3 mg/kg SY 5 a basal diet plus 0.3 mg/kg of Se from selenium-
enriched yeast, 0.4 mg/kg SY 5 a basal diet plus 0.4 mg/kg of Se from selenium-enriched yeast. Columns with different superscripts (a, b, c, d)
are significantly different at P , 0.05. Abbreviations: Se, selenium; SS, sodium selenite; SY, Se-enriched yeast.
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concentration that still has beneficial effects on an
organism and that at which Se begins exerting toxic
effects. On the one hand, Se deficiency leads primarily
to degeneration of many organs and tissues, resulting
from decreased expression of selenoproteins, and thereby
changes in the biological processes in which it partici-
pates (Pedrero and Madrid, 2009). The requirement
for Se of laying hens ranges from 0.05 to 0.08 mg/kg
depending on daily feed consumption (National
Research Council, 1994). In the present study, the actual
Se concentration of 0.146 mg/kg in the basal diets met
the basic nutritional requirements, which might be a
possible explanation for the zootechnical parameters
when the birds were fed a basal diet. On the other
hand, high levels of Se in the organism cause serious liver
damage, decreased triiodothyronine concentration, and
the loss of natural killer cells (Navarro-Alarcon and
Cabrera-Vique, 2008). The toxic effects of Se on the
organism are related to the production of free radicals
causing DNA damage. Toxic effects of Se are also associ-
ated with affinity toward thiol groups affecting disorder
of the integrity of protein functions responsible for DNA
repair (Letavayov�a et al., 2008). Reduced laying rate
and feed consumption are the 2 main external signs
Table 8. The Se deposition efficiency in whole eggs o

Item Blank control

Supplemental Se level (mg/kg
SY)

0.1 0.2 0.3

28 d 81.94a 66.30b 64.65b,c 60.74b,c

56 d 78.10a 73.28a,b 71.36a,b 68.32b

84 d 74.61a,b 80.89a 75.75a,b 75.52a,b

a–cMeans without a common superscripts with a row di
Abbreviations: Se, Selenium; SY, Se-enriched yeast.
1Values are means of 6 replicates per dietary treatment
(Payne et al., 2005), and the occurrence of hematological
abnormalities in blood and the damage of organs are the
internal signs of Se toxicity in laying hens (Khanal and
Knight, 2010; Thiry et al., 2012). The maximum toler-
able level of Se for poultry set by the National
Research Council (2005) is 3 mg Se/kg dry matter
feed. Apparently, the actual concentration of Se in the
experimental diets had not exceeded the toxic dose.
Based on the results of this study as well as those of
the aforementioned studies, it can be concluded that
dietary treatment in this trial appear to produce no
adverse side-effects or undesirable changes in perfor-
mance and organs following daily administration to
laying hens for 84 d.
The treatments did not affect the egg quality of fresh

eggs significantly, and this is in accordance with the
results obtained in previous reports (Payne et al.,
2005; Pan et al., 2011; Han et al., 2017). However, other
studies have reported that supplementation with SY
significantly affected shell weight, shell thickness, and
Haugh unit positively compared with the selenite and
control groups (Pappas et al., 2005; Arpasova et al.,
2009; Baylan et al., 2011). In our study, no beneficial
or harmful effects on fresh egg quality were found after
ver the 84 d feeding period (%).1

of diet,

SEM

P-value

0.4 Se Linear Quadratic

59.44c 1.736 ,0.001 ,0.001 ,0.001
66.37b 1.239 ,0.001 ,0.001 0.002
70.94b 1.033 0.036 0.082 0.010

ffer significantly (P , 0.05).

.



Figure 4. The dynamic change of Se deposition efficiency in whole eggs over the 84 d feeding period (%). Blank control 5 a basal diet without Se
supplementation, SS control5 a basal diet plus 0.3 mg/kg of Se from sodium selenite, 0.1 mg/kg SY5 a basal diet plus 0.1 mg/kg of Se from selenium-
enriched yeast, 0.2 mg/kg SY5 a basal diet plus 0.2 mg/kg of Se from selenium-enriched yeast, 0.3 mg/kg SY5 a basal diet plus 0.3 mg/kg of Se from
selenium-enriched yeast, 0.4 mg/kg SY 5 a basal diet plus 0.4 mg/kg of Se from selenium-enriched yeast. Values on the same line with different su-
perscripts (a, b, c) are significantly different at P , 0.05. Abbreviations: Se, selenium; SS, sodium selenite; SY, Se-enriched yeast.
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the 84 d feeding period. The difference in basal Se level,
added Se level, genetic factors, temperature and
humidity of the environment, and the time of storage
might explain the discrepancy among some of these
results. The basal diet used in this experiment contained
0.146 mg/kg Se from dietary ingredients as organic form.
The majority of the organic Se in plant or SY is in the
form of SM, which could be actively absorbed and can
be directly incorporated into protein (Ochoa-Solano
Figure 5. Breast Se concentrations of hens after the 84 d feeding period (
plementation, SS control 5 a basal diet plus 0.3 mg/kg of Se from sodium se
enriched yeast, 0.2 mg/kg SY5 a basal diet plus 0.2 mg/kg of Se from seleniu
selenium-enriched yeast, 0.4 mg/kg SY5 a basal diet plus 0.4 mg/kg of Se fr
d, e) are significantly different at P , 0.05. Breast Se concentrations for eac
sample). Abbreviations: Se, selenium; SS, sodium selenite; SY, Se-enriched
and Gitler, 1968; Beilstein and Whanger, 1986). Se-
methionine is deposited in the egg to a greater extent,
and the Se in SM would be incorporated into glutathione
peroxidase (Payne et al., 2005; Kieliszek and B1a_zejak,
2013, 2016). The Se supplementation can increase the
glutathione peroxidase activity of eggs, and the extent
of increase might be positively correlated to the dietary
Se level (Pan et al., 2011). This increase in glutathione
peroxidase activity would protect the egg from damage
mg/kg, wet weight basis). Blank control 5 a basal diet without Se sup-
lenite, 0.1 mg/kg SY 5 a basal diet plus 0.1 mg/kg of Se from selenium-
m-enriched yeast, 0.3 mg/kg SY5 a basal diet plus 0.3 mg/kg of Se from
om selenium-enriched yeast. Columns with different superscripts (a, b, c,
h treatment data are means of 6 replicates of 4 samples each (1 bird per
yeast.
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by free radicals, resulting in decreased potential of
cellular damage to the shell or fluid egg (Payne et al.,
2005; Pan et al., 2011). The Se concentration in
the eggs from hens fed a basal diet for 84 d was
0.227 mg/kg, which might be above the requirement
for Se, for incorporation into glutathione peroxidase pro-
tecting fresh egg from free-radical damage. The bird used
in the current experiment was 30-wk-old Hy-Line Brown
hens, which was not the same as that used in those exper-
iments. In addition, the discrepancy among some of
those results might be related to the temperature and
humidity of the environment and the time of storage.
Thus, more defined reasons must be further investigated.

In the present study, the Se concentrations in eggs and
breasts increased with the Se supplementation from
either Se source (SS or SY), and the Se concentrations
were significantly higher from hens fed a SY-
supplemented diet than those from hens fed a SS-
supplemented diet. In addition, the Se concentrations
in eggs and breasts were gradually increased with an
increase of the dietary organic Se from SY supplementa-
tion. The results of this experiment are consistent with
those of many studies. The addition of commercial SY
or SS significantly increased Se concentrations in the
egg and tissue (liver, kidney, spleen, and cardiac and
breast muscles) of laying hens in comparison with the
control, and SY supplementation increased Se concen-
trations in egg and tissue of laying hens more than SS
supplementation (Payne et al., 2005; Utterback et al.,
2005; Pan et al., 2007). The present study proved that
the organic Se from SY had higher bioavailability and
rates of product accumulation, as compared with
inorganic Se from SS. In addition, the results in this trial
also suggested that dietary Se was gradually transferred
into eggs and the Se deposition efficiency from hens fed a
SS- or SY-supplemented diet increased, whereas the Se
concentrations in the eggs and Se deposition efficiency
from hens fed a basal diet decreased with the extension
of the experimental duration. The different absorption
pathways might be a possible explanation for the
different bioavailabilities and rates of product accumula-
tion when the birds were fed a SY- or SS-supplemented
diet (Kieliszek and B1a _zejak, 2013, 2016). The organic
Se in SY is predominantly composed of SM, which could
be incorporated into eggs as effectively as methionine
(Ochoa-Solano and Gitler, 1968; Beilstein and
Whanger, 1986). The organic Se sources, such as SM
or SY, are actively absorbed and can be directly incorpo-
rated into protein, whereas inorganic Se sources, such as
SS, are required for selenocysteine synthesis and
passively absorbed by the body (Ochoa-Solano and
Gitler, 1968; Latshaw and Biggert, 1981). Consequently,
the Se deposition efficiency in whole eggs from hens fed a
basal or SY-supplemented diet were much higher than
those in eggs from hens fed a SS-supplemented diet.

The breast Se concentrations reflected the increases in
dietary Se levels (Se from SY), whereas the egg Se depo-
sition of laying hens administered different doses of Se
from SY for 28, 56, and 84 d also responded significantly
to SY supplementation. Based on the present study, a
60-g egg from hens fed diets supplemented with 0.1,
0.2, 0.3, and 0.4 mg/kg of Se from SY for 84 d will
provide approximately 22.15 to 43.24 mg of Se, which
are about 8.63 to 112.06% higher than those in eggs
from hens fed diet supplemented with 0.3 mg/kg of Se
from SS, and a 100-g portion of breast muscle from
hens fed diets supplemented with 0.1, 0.2, 0.3, and
0.4 mg/kg of Se from SY for 84 d will provide approxi-
mately 13.42 to 28.37 mg of Se, which are about 27.78
to 170.16% higher than those in breasts from hens fed
diet supplemented with 0.3 mg/kg of Se from SS. Obvi-
ously, the eggs and breast muscle produced from hens fed
a SY-supplemented diet had higher Se concentrations
than those from hens fed a SS-supplemented diet. Ac-
cording to the annual report of the European Food
Safety Authority, the daily intake of selenium in the
European population is estimated between 20 and
70 mg (European Food Safety Authority, 2008), and
the maximal intake of Se for adults is 300 mg/day
(European Food Safety Authority, 2012). According to
the Referenced Dietary Nutrient Intake of Chinese
published by the Nutrition Council of China in 2000,
the adequate intake of Se for people .14 yr old is
50 mg/day and the maximal intakes for youths (14–
18 yr old) and those .18 yr old are 360 and 400 mg/
day, respectively (Nutrition Council of China, 2001).
Obviously, it is safe for healthy persons to consume 2
eggs per day or 1 egg and 100 g of breast muscle per
day as produced from hens fed diets supplemented
with 0.1 mg/kg of Se from SY for 84 d, which would
not only provide enough Se for people .14 yr old, but
also provide many potential health benefits.
In conclusion, our study findings reveal that the

organic Se from SY has higher bioavailability and depo-
sition efficiency of Se in whole eggs as compared with
inorganic Se from SS. The Se concentrations and Se
deposition efficiency in the eggs increased from hens
fed a SS- or SY-supplemented diet but decreased from
hens fed a basal diet with the extension of the experi-
mental duration. The results indicate that the dietary
Se supplementation from SY should be limited to a
maximum of 0.1 mg Se/kg complete feed when the
eggs and meat produced from hens fed a SY-
supplemented diet are used as food for humans directly,
whereas up to 0.4 mg/kg organic Se from SY can be used
to supplement the diets for laying hens when the
products are used as raw materials for producing Se-
enriched food.
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