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Abstract
Supplementation of selenium (Se) is a common practice in the poultry industry via sodium selenite (SS) and selenium yeast (SY),
while the effects of nano-selenium (NS) on laying hens are poorly known. This study aimed to compare the effects of NS, SS, and
SYon productivity; selenium (Se) deposition in eggs; and antioxidant capacity in laying hens. A total of 288 30-week-old Brown
Hy-line laying hens were randomly assigned into four dietary treatments, which included corn-soybean meal basal diet (Con)
without Se sources and basal diets supplemented with 0.3 mg Se/kg as SS, SY, or NS, respectively. The results exhibited that Se-
supplemented treatments achieved greater egg production, egg weight, and daily egg mass, also better feed conversion ratio than
Con group (p < 0.05). Se supplementation significant increased egg Se concentration and decreased the egg Se deposition
efficiency (p < 0.05), while SY or NS supplementation had higher Se deposition efficiency than SS group at 35 days
(p < 0.05). Moreover, serum glutathione peroxidase (GSH-Px) activity increased in SS or NS group compared to Con group
(p < 0.05). The glutathione peroxidase 4 (GPX-4) mRNA levels in liver were significantly higher (p < 0.05) in SS or SY group
than in NS group, and mRNA levels of the methionine (Met) metabolism gene glycine N-methyltranserfase (GNMT) were
markedly upregulated (p < 0.05) in SY group compared to SS or NS group. Taken together, the results revealed Se from SY is
deposited into eggs more efficiently than Se from NS or SS, probably via enhancing the route of Met metabolism. Meanwhile, it
might be concluded that SS or SY supplementation directly regulated GSH-Px activity via enhancing GPx4 level, whereas NS via
GPx1, thus affecting body oxidation and development.
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Introduction

As an essential trace element, selenium (Se) is vital to several
biological processes in animals, such as antioxidant defense,
immune function, reproduction, and thyroid hormone metab-
olism. Se carries out its biological effects within mammalian
systems mainly through selenocysteine, which is incorporated

into selenoproteins [1]. Se is involved in the formation of
glutathione peroxidases (GSH-Px), and at least another seven
selenoproteins may play a role in protection against oxidative
stress and elimination of toxins associated with reactive oxy-
gen species [2]. Supplementation of Se is a common practice
in the poultry industry and has traditionally been added to
poultry diets via inorganic sources (such as sodium selenite
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(SS)) and organic sources (such as selenium yeast (SY)).
Recently, research has shown that SY results in less Se being
transferred to the environment through feces, and more Se
deposited into body tissues and eggs [3–5]. Nano-selenium
(NS) appears to be more effective than other forms of Se at
increasing selenoprotein expression, scavenging free radicals,
and preventing oxidative damage to DNA in addition to pro-
viding benefits such as low toxicity and high bioavailability
[6, 7]. In the small intestines, organic Se is actively absorbed
through the amino-acid transport mechanisms, and NS has
been reported to exhibit high specific surface area, small par-
ticle size, and good intestinal absorption due to the formation
of nanoemulsion droplets [8].

Most studies showed that supplementation 0.3 mg of Se/kg
of diet in laying hens will receive better egg Se deposition
efficiency [9, 10]. Therefore, the main objective of this study
was to compare the effects of Se supplementation in the form
of NS, SY, and SS on productivity, Se deposition in eggs, and
antioxidant capacity in laying hens over a 5-week period.

Materials and Methods

Ethics Statement

The methods used in this study were approved by the Animal
Care Committee of the Institute of Subtropical Agriculture at
the Chinese Academy of Science.

Birds and Management

A total of 288 Brown Hy-line laying hens of similar body size
were selected from a commercial flock (Changsha County,
Changsha City, China) at 30 weeks of age, and divided into four
equal groups, for 35 days, each containing six replicates with 12
hens each. Prior to the start of the experiment, average egg pro-
duction did not differ among treatment groups (p= 0.989) and
was approximately 94%. Throughout the experimental period
(March to April in 2017), hens were housed in pairs in 39 ×
35 × 38 cm wire cages equipped with three ladders.
Experimental units comprised of six wire cages were randomly
distributed throughout the housing shed and were kept on a 16-h
light and 8-h dark lighting regimen, with lights beginning at 06:00
local time [11]. Hens were fed twice daily (07:30 and 15:30) and
allowed ad libitum access to water and treatment diets during the
experimental period. Eggs were collected from egg trays and the
total egg weight of each replicate was calculated once daily.

Diets

The four treatment diets used in the study were formulated by Se
unsupplemented, corn-soybean meal basal diet (Con) and basal
diets plus 0.3 mg/kg of Se from SS (analytical grade, 1% Se

content, Xingjia Bio-Engineering Co., Ltd., Changsha, China),
SY (2000 mg/kg Se content, Angel Yeast Co., Ltd., Hubei,
China) or NS (180 mg/kg Se content, Xingjia Bio-Engineering
Co., Ltd., Changsha, China). The particle size of NS ranged from
40 to 75 nm. The total analyzed Se concentrations of the Con,
SS, SY, andNS diets were 0.157, 0.413, 0.422, and 0.408mg Se/
kg diet, respectively. The basal diet was formulated to meet nu-
tritional requirements for brown laying hens suggested in the
National Research Council (1994) and feeding standard of
chickens (NY/T 33–2004). The ingredients and nutrient content
of the basal diet are shown in Table 1.

The Concentration of Egg Se Analyses

Two eggs in each replicate were randomly collected on days 9,
18, 27, and 35 and stored until Se analysis. It was measured
using a fluorescence spectrophotometer (AFS 830, Titan,
Beijing, China). In short, 1 g of homogenized egg sample in
10-ml of HNO3-HClO4 (4:1) was added in to a 50-ml

Table 1 The ingredient composition and the nutrient content of basal
diet for the laying hens

Item Ingredients (%)

Corn 56.00

Soybean meal (43%) 27.00

Wheat bran 4.00

Limestone 10.00

Dicalcium phosphate 1.20

NaCl 0.30

Zeolite powder 0.50

Premix1 1.00

Total 100.00

Nutrient and energy content (%)2

ME (kcal/kg) 2670.32

Crude protein 17.38

Ca 3.75

Total phosphorus 0.60

Available phosphorus 0.36

Methionine 0.30

Methionine + cystine 0.57

Lysine 0.76

Se (mg/kg) 0. 157

1 Supplied per kilogram of diet: 12,000 IU of vitamin A; 3000 IU of
vitamin D3; 30 mg of vitamin E; 6 mg of vitamin K3; 3 mg of
vitaminB1; 9 mg of vitaminB2; 6 mg of vitamin B6; 0.03 mg of vitamin
B12; 0.15 mg of D-biotin; 18 mg of D-pantothenic acid; 1.5 mg of folic
acid acid; 6 mg of nicotinamide; 18.15 mg of ethoxyquin; 50 mg of
choline chloride; 10 mg of phytase; 0.004 mg of ubiquitin calcium;
5.12 mg of Cu; 72 mg of Fe; 56 mg of Zn; 84.8 mg of Mn; 0.64 mg of
I; 0.32 mg of Co.; 0.30 mg Methionine; 0.27 mg cystine; 0.76 mg lysine;
0.58 mg threonine; 0.18 mg tryptophan
2 Calculated values
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Erlenmeyer flask and heated at 180 °C until white fumes ap-
peared. After which, 15 ml of 5 M hydrochloric acid solution
was added to the flask and the mixture was again heated until
white fumes appeared. Once cooled, the digested sample was
transferred to a cuvette and ultrapure water was added tomake
a final volume of 25 ml. The supernatant was then measured
directly on the spectrophotometer with the measured parame-
ters follow: 270 V of negative high voltage, 30 mA of the
current of hollow cathode lamp, 7 mm of electrothermal at-
omizer height, high pure Ar of carrier, 800 mL/min of carrier
flow, 1.0 mL of injecting sample.

Measurement of Antioxidant Enzymes Activity
and Product of Oxidative Injury

Total superoxide dismutase (T-SOD), glutathione peroxidase
(GSH-Px), total antioxidant capability (T-AOC), catalase
(CAT), and malondialdehyde (MDA) in serum and the liver
were determined with the use of assay kits (Nanjing Jiancheng
Bioengineering Institute, China) according to the manufactur-
er instructions.

cDNA Synthesis and mRNA Quantification

To quantify mRNA, approximately 100 mg of liver tissue
was pulverized in liquid nitrogen and total RNAwas isolat-
ed from the liver homogenate with the use of TRIzol and
DNase I according to manufacturer instructions. First-
strand cDNA was then synthesized using Oligo (dT) 20

and Superscript II reverse transcriptase. TRIzol, DNase I,
and reverse transcriptase were obtained from Takara Bio
Inc. (Kusatsu, Shiga, Japan). Primers were designed in
NCBI using the chick gene sequence (http://www.ncbi.
nlm.nih.gov/pubmed/) to produce an amplification product
(Table 2). Real-time PCR was then performed as previously
described. The relative level of mRNA expression was cal-
culated using the 2-ΔΔCt method after normalization withβ-
actin as a housekeeping gene [12].

Statistical Analyses

This study was performed using a completely randomized
design. All statistical analyses were performed using
SPSS 17.0 software. All data are shown as mean ± stan-
dard error of the mean (SEM). Significant differences
among treatment means were determined using one-way
analysis of variance (ANOVA) followed by Duncan’s
multiple-ranges test. Results were considered significant
when p < 0.05. Laying performance and laying ratios were
average values over 5 weeks.

Results

Laying Performance

As shown in Table 3, Se supplementation significantly in-
creased the average egg production, average daily egg mass,

Table 2 Sequence of primers for
real-time PCR Name of target gene Accession no. Nucleotide sequence of primers(5′-3′) Product size (bp)

CAT NM_001031215.2 F: TATCAGAGGGACGGGCCAAT 149
R: GCACTACTGAAACGCTGCAC

CPX-1 NM_001277853.2 F: TGACCAACCCGCAGTACATC 215
R: TTGTATGACAGAGGTGCGGG

GPX-4 NM_001346449.1 F: TTACGTGATGCTCCCCTTCG 176
R: AATCTTCGGGTCTGCCTCAC

Cu/Zn-SOD NM_205064.1 F: GAAGGCCGTGTGCGTGATGA 533
R: CACGGAAGAGCAAGTACAGC

Mat1α NM_001199519.1 F: TCGTCGTGTTCTGGTTCAGG 151
R: GACAATGACTCCAGGCCGAA

GNMT XM_015283546.2 F: CGACAAGATGCTCAAGTACGC 157
R: GTTCCCCAGGCAGATGACG

Ahcy XM_417331.6 F: GCCCTTTGCCATCATCCTCT 204
R: TACTGGGACATTAGGGGCCA

BHMT XM_414685.5 F: GCCTGAAACAGGGCAAAAGG 172
R: TCCCTGTGAAGCTGACGAAC

Mtr XM_015284113.2 F: GGCTCTTGGAGATCGACTGG 197
R: CGAGCTTCCACATGGTGAGT

CBS XM_416752.5 F: ACGCATGCTAATCCGAGAGG 277
R: AGTTGGAAGCACAGTCAGGG

β-actin NM_205518.1 F: TTACTCGCCTCTGTGAAGGC 228
R: TCCTAGACTGTGGGGGACTG

550 Meng et al.

http://www.ncbi.nlm.nih.gov/pubmed
http://www.ncbi.nlm.nih.gov/pubmed


and decreased feed conversion ratios (p < 0.05). Also, hens in
SY group increased markedly the average daily egg mass than
those in NS group (p < 0.05). Meanwhile, supplementation
with SS and NS significantly increased the average egg weight
when compared with Con or SY group (p < 0.05).

Egg Se Concentration and Se Deposition Efficiency

The egg Se concentration was presented in Fig. 1. Egg in SY
group had higher Se concentration than those in Con or SS
group at 9 days, 18 days, 27 days, and 35 days (p < 0.05).
Meanwhile, egg in NS group had higher Se concentration than
those in Con group at 18 days, 27 days, and 35 days
(p < 0.05), while egg in SS group had higher Se concentration
than those in Con group at 18 days only (p < 0.05).

The egg Se deposition efficiency in Con group was signifi-
cantly higher (p< 0.001) than SS, SY, or NS group at 9, 18, 27,
and 35 days (Table 4). The hens supplemented with SY or NS
had higher (p < 0.05) Se deposition efficiency than SS group at
35 days.Meanwhile, the SY diet tended to increase Se deposition

efficiency compared to SS or NS diet at 27 and 35 days, respec-
tively (increase 11.83%, p = 0.067; increase 26.06%, p = 0.065).

Antioxidant Capacity in Serum and Liver

The effects of dietary supplementation with different Se sources
on GSH-Px activity, T-SOD activity, CAT activity, T-AOC, and
MDA content in serum and liver are shown in Table 5. Serum T-
AOC and CAT activities in SY group were significantly higher
than those in other groups (p < 0.05). In addition, supplementa-
tion with SS or NS led to significant increase in serum GSH-Px
activity compared to that in Con group (p< 0.05). And theMDA
content in NS or SY group was significantly lower than that in
SS group (p < 0.05). However, SY supplementation led to sig-
nificant increase in hepatic T-SOD activity compared to SS sup-
plementation (p < 0.05).

Antioxidant Enzymes Genes mRNA Levels in Liver

On the basis of above results, the Cu/Zn-SOD, CAT, GPX-1, and
GPX-4 mRNA levels in liver were investigated. The mRNA
level of GPX-4 in liver was significantly upregulated in SY or
SS group when compared to NS group (p < 0.05) (Table 6).

Table 3 Effects of dietary supplementation Se sources on laying performance (data are means of 6 replicates of 12 hens per dietary treatment)

Item Dietary treatment SEM p value

Con group SS group SY group NS group

Egg production (%) 93.98b 97.98a 97.47a 96.72a 0.49 0.010

Egg weight (g of egg) 62.37c 63.44ab 62.54bc 64.12a 0.21 0.003

Daily egg mass (g/day) 58.61c 62.16ab 62.50a 60.49b 0.43 0.001

Average daily feed intake (g/hen/day) 131.09 130.68 131.06 131.41 0.35 0.921

Feed conversion ratio (g of feed/g of egg) 2.24a 2.10b 2.17b 2.10b 0.015 < 0.001

Shell-less and broken eggs rate (%) 1.02 0.55 0.82 0.60 0.08 0.205

Values in the same row with different superscript are significantly different (p < 0.05) by one-way ANOVA. Abbreviations represented: Con = control;
SS = sodium selenite; SY = Se yeast; NS = nano-Se
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Fig. 1 Effects of dietary supplementation Se sources on egg Se
concentrations. Data are means of 12 eggs per dietary treatment. Each
point represents the means ± SEM; points with different letters are
statistically significant in different treatments (p < 0.05)

Table 4 Effects of dietary supplementation Se sources on Se deposition
efficiency (%) in whole eggs (data are means of 6 replicates per dietary
treatment)

Days Dietary treatment SEM p value

Con group SS group SY group NS group

9 79.73a 33.06b 38.36b 36.83b 4.19 < 0.001

18 73.76a 35.09b 39.40b 37.63b 3.53 < 0.001

27 77.56a 35.42b 39.61b 38.69b 3.94 < 0.001

35 78.53a 34.38c 43.34b 39.63b 3.72 < 0.001

Values in the same row with different superscript are significantly differ-
ent (p < 0.05) by one-way ANOVA. Abbreviations represented: Con =
control; SS = sodium selenite; SY = Se yeast; NS = nano-Se
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Methionine Metabolism Genes mRNA Levels in Liver

Several methionine (Met) metabolism genes (Mat1α, GNMT,
Ahcy, BHMT, Mtr or CBS) in liver were tested via RT-PCR.
As shown in Table 7, the mRNA level of GNMT in liver was
significantly upregulated in SY group compared to SS or NS
group (p < 0.05), while was markedly downregulated in NS
group compared to Con or SY group (p < 0.05). No significant
differences were observed among treatment groups in terms of
Mat1α, Ahcy, BHMT, Mtr or CBS mRNA levels in liver.

Discussion

In the present study, the results showed that supplementing
with SS, SY, or NS can improve laying performance, egg
weight, and daily egg mass in hens compared to those ob-
served in the low-Se group. Similarly, Han showed that the
combined supplementation of SS or SY improved egg produc-
tion [13]. Pavlović reported that supplementation of SY result-
ed in a higher egg production of hens than SS from the ninth

week on to the end of the trial [14]. As shown in the results of
this study, supplementation with 0.3 mg Se/kg of SS, SY, or
NS was beneficial for the performance of laying hens. It is
contrast to the results that dietary supplementation with differ-
ent levels and sources of Se (0.18 to 0.51mg/kg of SS, SY, Se-
enriched kale sprouts, or other organic Se) had no effect on
egg production or feed intake [3, 4, 15–19]. A potential reason
for such discrepancies may be due to differences in the dura-
tion and process control of the experiments.

Selenium supplementation with SS, SY, or NS sources in-
creased Se concentration in eggs, which is consistent with the
findings from previous studies [5, 15, 16]. Moreover, SY was
found to be more effective in increasing Se concentration than
SS, which is also consistent with the results reported by Lu, et al.,
who showed that the egg Se concentration was significantly
higher in the SY-supplemented group than the SS-
supplemented group after 3 days [20]. Utterback also noted that
the SY-supplemented diet yielded an approximate 4.8-fold in-
crease in egg Se concentration over a Con diet, compared with
a 2.8-fold increase with the SS diet after 56 days [16]. Notably,
our results indicated that the egg Se efficiency in SYor NS group

Table 5 Effects of dietary supplementation Se sources on antioxidant capacity (data are means of 6 replicates per dietary treatment)

Item Dietary treatment SEM p value

Con Group SS group SY group NS group

Serum

T-AOC (U/mL) 4.48b 5.14b 10.20a 6.20b 0.59 < 0.001

CAT (U/mL) 17.85b 23.28b 48.37a 14.00b 3.35 < 0.001

GSH-Px (U/mL) 2817.49c 3267.35ab 3030.08bc 3437.77ab 71.51 0.005

T-SOD (U/mL) 67.39 64.08 62.42 55.02 2.57 0.418

MDA (nmol/mL) 12.86ab 17.50a 11.83b 9.80b 0.98 0.03

Liver

T-AOC (U/mg protein) 12.00 12.58 11.27 12.54 0.42 0.706

CAT (U/mg protein) 197.33 180.56 145.66 179.08 14.07 0.663

GSH-Px (U/mg protein) 47.41 40.92 43.01 45.81 1.67 0.526

T-SOD (U/mg protein) 198.77ab 165.34b 240.54a 196.55ab 11.13 0.016

MDA (nmol/mg protein) 0.66 0.75 0.73 0.78 0.04 0.805

Values in the same row with different superscript are significantly different (p < 0.05) by one-way ANOVA. Abbreviations represented: Con = control;
SS = sodium selenite; SY = Se yeast; NS = nano-Se

Table 6 Effects of dietary
supplementation Se sources on
mRNA levels of antioxidant
enzymes in liver (data are means
of 6 replicates per dietary
treatment)

Item Dietary treatment SEM p Value

Con group SS group SY group NS group

Cu/Zn-SOD 1.00 1.52 1.04 1.32 0.18 0.738

CAT 1.00 1.16 1.12 1.06 0.12 0.976

GPX-1 1.00 1.21 1.00 1.36 0.09 0.428

GPX-4 1.00ab 1.41a 1.41a 0.67b 0.11 0.029

Values in the same row with different superscript are significantly different (p < 0.05) by one-way ANOVA.
Abbreviations represented: Con = control; SS = sodium selenite; SY = Se yeast; NS = nano-Se
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was higher than in SS. It is likely that organic sources of Se, such
as SY, can be absorbed by active transport and nonspecifically
incorporated into proteins in place of Met, and is preferentially
absorbed and utilized by the body over inorganic Se [21].

Selenoenzymes appears to be GSH-Px which works as an
antioxidant by removing hydrogen peroxides and organic hy-
droperoxides. Adequate intake of bioavailable forms of Se is
therefore critical for maintaining appropriate Se and antioxi-
dant levels in animals [22]. It has previously been reported
that organic, inorganic, or Nano-Se affects GSH-Px activity
[23–26]. The present study showed that dietary SS or NS
supplementation led to significant increases in serum GSH-
Px activity compared to that in Con or SY group, and GSH-Px
activity in hens supplemented with NS was higher than that in
other groups. Those results are consistent with previous stud-
ies. Previous work has suggested that SS may be more bio-
logically available for GSH-Px activity than SY [10, 27],
whereas GSH-Px activity in NS-supplemented group of
broilers was significantly higher than those in basal diet group
[26, 28]. Several studies reported that no difference was ob-
served in GSH-Px activity of liver and kidney in broiler
breeders and their offspring when feeding SY- or SS-
supplemented diet [29], which is consistent with the present
study. Meanwhile, the results from the present study found
that the Se sources significantly affected T-AOC and CAT
activities and MDA content in serum. Jing, et al. showed that
hens fed diets supplemented with SS or SY showed lower
MDA content in plasma than basal diet group [25].
Therefore, Se supplementation can improve the antioxidant
capacity of laying hens, thereby increasing anti-stress ability
and ensuring the maintenance of egg laying performance.

To further explain the differences of antioxidant capacity in
serum and the liver in four groups, the mRNA levels of Cu/Zn-
SOD, CAT, GPX-1, and GPX-4 were investigated. The results
revealed that GPx1 mRNA level in liver was the greatest in NS
group, whereas GPx4 mRNA level decreased, which increased

in SS or SY group compared with Con diet. Similarly, Chen,
et al. reported that organic Se or SS supplementation led to sig-
nificant increase in GPX-4 mRNA levels compared to those of
the control group in broilers [30]. Therefore, it might be conclud-
ed that SS or SY supplementation directly regulated GSH-Px
activity via GPx4, whereas NS supplementation via GPx1, thus
affecting body oxidation and development. Meanwhile, the ex-
pressions of Cu/Zn-SOD and CAT were not markedly changed
in the liver of the Se sources treated hens. A previous study
showed that a Se-deficient diet caused a significant decrease in
mRNA expression for SOD, but Se supplementation increased
the expression of SOD in tissues [31]. Thus, it may be explained
that Se supplementation just decreased oxidative stress via the
transcription level of GPx1 or GPx4 in the liver of hens.

Selenomethionine, a Se analog of Met, is the predominant
form of Se in SY, and is metabolized along with Met by the
same enzymes and at similar rates until selenocysteine is
formed [22]. In our study, the mRNA level of the Met metab-
olism gene GNMT in liver significantly was upregulated in SY
group compared to SS- or NS-supplemented group, which in-
dicated that SY may affect Met metabolism, and ultimately
influence the egg Se concentration. In contrast, inorganic Se
sources are passively absorbed into the body and typically have
lower rates of absorption [32]. Nanoparticles, due to smaller
particle size, have larger surface areas, can penetrate the tissue
gap, and also move through the smallest capillaries, and thus
resulting in beneficial absorption [8]. One of the possible mech-
anisms of nano-Se action could be mediated by the gut micro-
biota which could convert nano-Se into selenite, H2Se or Se-
phosphate with the synthesis of selenoproteins [33]. Therefore,
it may explain that why supplementing with SY is more effec-
tive for egg Se deposition than supplementing with SS and NS.
Further studies need to be performed to reveal the underlying
mechanisms of NS in bird nutrition.

Conclusions

The present results showed that dietary supplementation with
SS, SY, or NS improved laying performance, antioxidant ca-
pacity, and Se concentration in eggs of laying hens. Further,
SY was most effective in increasing egg Se concentration,
probably via influencing Met metabolism. Meanwhile, it
might be concluded that SS or SY supplementation directly
regulating GSH-Px activity via upregulating GPx4 level,
whereas NS supplementation maybe via increasing GPx1 lev-
el, thus affecting body oxidation and development.
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Table 7 Effects of dietary supplementation Se sources onmRNA levels
of Met metabolism genes in liver (data are means of 6 replicates per
dietary treatment)

Item Dietary treatment SEM p value

Con group SS group SY group NS group

Mat1α 1.00 0.96 1.08 0.75 0.1 0.668

GNMT 1.00ab 0.78bc 1.40a 0.54c 0.09 0.003

Ahcy 1.00 1.07 0.99 0.87 0.11 0.936

BHMT 1.00 0.96 0.88 0.57 0.11 0.526

Mtr 1.00 0.99 1.22 0.81 0.08 0.329

CBS 1.00 1.07 1.20 0.77 0.12 0.681

Values in the same row with different superscript are significantly differ-
ent (p < 0.05) by one-way ANOVA. Abbreviations represented: Con =
control; SS = sodium selenite; SY = Se yeast; NS = nano-Se
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