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Abstract

This study aimed to investigate the effects of selenium (Se)-enriched Bacillus subtilis (Se-BS) on growth performance,
antioxidant capacity, immune status, and gut health in broilers. A total of 240 one-day-old Arbor Acres broilers were ran-
domly allotted to four groups and fed with basal diet (control group), 0.30 mg/kg Se (SS group), 3 x 10° CFU/g B. subtilis
(BS group), and 0.30 mg/kg Se + 3 x 10° CFU/g B. subtilis (Se-BS group) for 42 days. The results showed that Se-BS sup-
plementation increased body weight (BW), average daily gain, the activities of superoxide dismutase (SOD), glutathione
peroxidase (GPx), catalase (CAT), and peroxidase (POD), total antioxidant capacity (T-AOC), and the contents of interleukin
(IL)-2, IL-4, and immunoglobulin (Ig) G in plasma, the index and wall thickness of the duodenum, the villus height and
crypt depth of the jejunum, and GPx-1 and thioredoxin reductase 1 mRNA levels in liver and intestine and decreased feed
conversion ratio (FCR) and plasma malondialdehyde (MDA) content compared with the control group on day 42 (P <0.05).
Compared with groups SS and BS, Se-BS supplementation increased BW, the activities of GPx, CAT, and POD, and the
contents of IL-2, IL-4, and IgG in plasma, the index and wall thickness of the duodenum, the crypt depth and secretory IgA
content of the jejunum, and GPx-1 mRNA levels in liver and intestine and decreased FCR and plasma MDA content on day
42 (P <0.05). In conclusion, Se-BS supplementation effectively improved the growth performance antioxidant capacity,
immune status, and gut health of broilers.
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Introduction

Selenium (Se) is an essential trace element for humans and
animals that has a wide range of biological effects, includ-
ing improving antioxidant capacity, immune response, and
reproductive performance, regulating body metabolism, and
anti-tumor and anti-toxic elements [1, 2]. China is one of
the regions with the most serious Se deficiency; there are 22
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provinces in low Se regions, accounting for 72% of the total
area, and the Se-deficient population exceeds 700 million
[3, 4]. Se deficiency can reduce the activity of glutathione
peroxidase (GPx), damage the biofilm of various tissues and
organs, cause apoptosis, degeneration, or necrosis [5, 6],
and lead to Keshan disease, Kashin-Beck disease, cancer,
and cardiovascular disease in humans [7, 8] and muscle
degeneration, pancreas hypoplasia and degeneration, long-
term digestive disorders, severe diarrhea, and even death
in animals [6]. Therefore, Se supplementation in diets and
foods is one of the commonly used measures, and the most
commonly used Se preparation today is inorganic Se, sodium
selenite (SS); however, inorganic Se has the disadvantages
of high toxicity, low absorptivity, low bioavailability, and
high environmental pollution [4, 9]. Therefore, it is urgent
to develop high quality organic Se sources.

In previous studies, Bacillus subtilis has proved to be
beneficial to the host and have the functions of improving
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growth performance and the intestinal microecological envi-
ronment, promoting the digestion and metabolism of nutri-
ents, and enhancing the body immunity of animals [10, 11].
Moreover, B. subtilis itself contains a rich biological enzyme
transformation system, which can convert inorganic Se into
highly active organic Se, Se-enriched B. subtilis (Se-BS)
[12, 13]. Se-BS plays the dual role of organic Se and pro-
biotics, which is an ideal Se supplement. Previous studies
reported that dietary Se-enriched B. subtilis (Se-BS) supple-
mentation could modify ileal bacterial composition [14, 15],
improve Hg-induced intestinal microbial changes, alleviate
the abundance of Aeromonas and the inflammation of the
fish, and protect common carp against Hg toxicity [16]. Oth-
erwise, the application of Se-BS in animal production is not
extensive enough; the majority of scientific researchers need
to conduct in-depth investigations on its biological effects,
such as its effectiveness and availability. Therefore, this pur-
pose of this study was to evaluate the effects of Se-BS on the
growth performance, antioxidant capacity, immunity, and
gut health of broiler chickens in order to provide some refer-
ence materials for the future application of Se-BS.

Materials and Methods
Preparation of Se-BS

Se-BS was provided by the Laboratory of Animal Nutri-
tion and Poisoning Diseases, Qingdao Agricultural Univer-
sity. The number of effective viable bacteria is >1x 10'° /g,
and the total Se content is > 1.0 mg/kg, of which organic
Se accounts for at least 90%. Se-BS was kept in a sterile
container at 4 °C before use.

Experimental Animals and Treatment

A total of 240 1-day-old Arbor Acres broilers (half male
and half female), weighing 43-46 g, were purchased from
Qingdao Aote Poultry Breeding Company (Qingdao,
China) and randomly divided into 4 groups with six rep-
licate pens of ten chickens each. Group 1 was the con-
trol (CON) group, which was fed a basal diet without Se;
group 2 was the sodium selenite (SS) group, which was
fed the basal diet supplemented with 0.30 mg/kg Se in the
form of SS; group 3 was the Bacillus subtilis (BS) group,
which was fed the basal diet supplemented with B. subtilis
(3% 10° CFU/g); and group 4 was the Se-BS group, which
was fed the basal diet supplemented with 0.30 mg/kg Se
and B. subtilis (3% 10° CFU/g) in the form of Se-BS. The
basal diet was formulated to meet the nutrient require-
ments for broilers [17]. The basal diet formulation and
approximate composition are shown in Table 1. Feed
ingredients were purchased from a local commercial feed

Table 1 Formulation and approximate composition of experimental
diets

Ingredient (%) 1-21d 22-42d
Corn 60.00 64.50
Corn protein flour 5.00 3.00
Wheat bran 0.00 2.00
Soybean meal 27.50 25.00
Fishmeal (55.5% CP) 3.40 1.60
Stone powder 1.20 1.40
Salt 0.30 0.30
Calcium bicarbonate 1.50 1.20
Methionine 0.10 0.00
Premix* 1.00 1.00
Chemical composition (g/kg, DM)
Gross energy (MJ/kg) 12.15 13.06
Crude protein 22.99 20.00
Calcium 1.00 0.90
Phosphorus 0.45 0.35
Methionine 0.50 0.38
Lysine 1.10 1.00

*The vitamins provided (per kg diet) included: vitamin A 1500 IU,
vitamin D3 200 IU, vitamin E 20 IU, vitamin K 0.5 mg, vitamin B,
22 mg, vitamin B, 8.5 mg, vitamin B, 0.2 mg, folacin 0.55 mg, nia-
cin 0.55 mg, pantothenic acid 10.0 mg, copper 8.0 mg, zinc 40.0 mg,
iron 80 mg, iodine 0.35 mg, and manganese 60.0 mg. CP crude pro-
tein, DM dry matter

factory (Puxing Biological Technology Co., Ltd., Qing-
dao, China). During the experiment period of 42 days, all
birds were housed in a closed and ventilated building and
provided with continuous light. Room temperature was
controlled at 32-35 °C for 3 days then gradually reduced
by 3 °C/week until reaching 24 °C and maintained for the
remainder of the experiment. Water and feed were pro-
vided ad libitum.

All animal experiments were approved by the Animal
Care and Use Committee of Qingdao Agricultural Univer-
sity in accordance with the Laboratory Animal Guidelines
on Ethical Review for Animal Welfare (GB/T35892-2018,
National Standards of the People’s Republic of China) and
conducted in accordance with the principles and specific
guidelines presented in the Guide for the Care and Use of
Agricultural Animals in Research and Teaching [18].

Growth Performance

On day 42, all chickens were fasted for 12 h. The remaining
feed amount and total body weight of the chickens were
weighed in units of replicate pens. The body weight (BW),
average daily gain (ADG), average daily feed intake (ADFI),
and feed conversion ratio (FCR) were calculated.
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Plasma Determination

On days 21 and 42, three chickens were randomly selected
from each pen, and the anticoagulated blood was col-
lected through the fin vein and centrifuged for 10 min.
Plasma was collected and stored at -20 °C. GPx activity,
superoxide dismutase (SOD) activity, peroxidase (POD)
activity, catalase (CAT) activity, total antioxidant capac-
ity (T-AOC), and malondialdehyde (MDA) content in the
plasma were analyzed according to the instructions of the
reagent kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The contents of immunoglobulin (Ig) A,
IgM, IgG, interleukin (IL)-2, IL-4, IL-6, interferon y (IFN-
v), and tumor necrosis factor a (TNF-a) in the plasma
were analyzed according to the instructions of the reagent
kits (Shanghai Enzyme-linked Biotechnology Co., Ltd.,
Shanghai, China).

Analysis of Gut Health

On day 42, three chickens were randomly selected from
each pen, with a total of 18 chickens in each group. After
being euthanized with sodium pentobarbitone and depil-
ated, the duodenum was separated and weighed, and the
organ index was calculated. Intestinal wall thickness of
the duodenum was measured with an electronic digital
vernier caliper (Mitutoyo, Japan). At 5 cm of the jejunum
segment before the yolk pedicle, the intestinal segment
was longitudinally dissected with surgical scissors, and
the intestinal mucosa was scraped into a cryopreservation
tube and stored at -80 °C for determination of secretory
immunoglobulin A (sIgA). The sIgA content was detected
according to the instructions of the enzyme linked immu-
nosorbent assay detection kit (Shanghai Enzyme-linked
Biotechnology Co., Ltd., Shanghai, China). The cecum
contents were collected and stored in cryopreservation
tubes at 4 °C for determination of gut microbiota. The
cecum contents were mixed with the same quantity of nor-
mal saline and allowed to stand for 1 min. About 100 pL of
the diluted liquid was taken, diluted to ten million times,
then 100 pL of the dilution was taken and spread on the
nutrient agar, triple sugar iron agar medium, lactic acid
bacteria agar medium, and yeast peptone dextrose agar
medium. The bacteria colony was observed and counted
when these petri dishes were cultured in an anaerobic
incubator for 18-24 h. The jejunum segments were col-
lected and stored in formaldehyde solution. The jejunum
segments were embedded, dehydrated, sliced, and stained
with hematoxylin and eosin, and the intestinal villi length
and crypt depth were determined under a light microscope
(Optec Instrument Co., Ltd, Chongqing, China) at a mag-
nification of X 100.
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Determination of the mRNA Levels of Antioxidant
Enzyme Genes

On day 42, the jejunum and liver tissues (not less than 1.0 g
per sample) were collected and stored in liquid nitrogen for
determination of the mRNA levels of antioxidant enzyme
genes. Selenoproteins, including GPx-1 and thioredoxin
reductase 1 (TR-1), mRNA levels in jejunum and liver tis-
sues were determined using a quantitative real-time reverse
transcription polymerase chain reaction (RT-qPCR) based
upon SYBR Green I [2-4]. Briefly, total RNA was extracted
using the TRIzol reagent (Sangon Biotech Co., Ltd., Shang-
hai, China), and cDNA was synthesized in accordance with
the instructions of the AMV First Strand cDNA Synthe-
sis Kit (Sangon Biotech Co., Ltd., Shanghai, China). The
specific primers for gene expression were designed based
on Gallus gallus sequences (Table 2). The B-actin house-
keeping gene was used as an internal control, and RT-qPCR
was performed with an ABI Real-time PCR System (Ste-
pOnePlus™; Applied Biosystems, Waltham, MA, USA).
The mRNA gene expression levels were calculated using
the 2724 method.

Statistical Analysis

IBM SPSS Statistic 22.0 (IBM Corporation, Armonk, USA)
was used for statistical analysis. All data were expressed
as mean + standard deviation and analyzed using one-way
ANOVA to compare means and the multivariate analysis of
the GLM procedure. The least significant difference (LSD)
and Dunnett’s T3 tests were used to determine differences
between means. The pen was defined as the experimental
unit for statistical analysis. Differences were considered as
significant at P <0.05 for all tests.

Results
Growth Performance

The effects of Se-BS on the growth performance of broilers
are shown in Table 3. Compared with the control group,

Table 2 Primer sequences used for real-time quantitative polymerase
chain reaction

Gene name Forward primer (5’ Reverse primer (5 Length
to 3%) to 3%)

B-actin agtgtetttttgtatcttccgec  ccacatactggcactttactc- 147 bp
cta

GPx-1 tctacctggtaactttcgagecaa cctttattgcagagectectt 147 bp

TR-1 tcaagaatgtcaccgcaagtt  cacgcagataacatccccaat 129 bp

GPx-1 glutathione peroxidase 1, TR-1 thioredoxin reductase 1
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Table 3. Effect of Se-enriched Ttems CON SS BS Se-BS

B. subtilis on the growth

performance of broilers BW (kg) 1.65+0.02° 1.71+0.03° 1.74+0.03 1.88+0.03°
ADFI (g) 86.90+4.33 81.19+5.38 84.80+4.57 84.71+3.48
ADG (g) 38.21+0.75" 39.43+1.33% 40.38 +2.30% 43.67 +1.98*
FCR 2.27+0.12° 2.06+0.09° 2.10£0.16™ 1.94+0.05°

Mean values in the same line with different lowercase letters were significantly different (P <0.05); data
are presented as means + SD (standard deviation) of 6 pens per treatment

CON control group, SS group supplemented with sodium selenite, BS group supplemented with B. subtilis,
Se-BS group supplemented with Se—enriched B. subtilis

BW body weight, ADFI average daily feed intake, ADG average daily gain, FCR feed conversion ratio

SS and B. subtilis supplementation significantly increased
BW (P <0.05), and Se-BS supplementation significantly
increased BW and ADG and decreased FCR (P <0.05).
Compared with the SS and BS groups, Se-BS supplemen-
tation significantly increased BW (P <0.05). No differ-
ences were observed among the four groups in the ADFI
(P>0.05).

Antioxidant Function

The effects of Se-BS on the antioxidant function of broilers
are shown in Table 4 and Fig. 1. Compared with the con-
trol group, SS supplementation significantly increased CAT
activity on day 21 and the activities of SOD, POD, and CAT
and the liver GPx-1 and TR-1 mRNA levels on day 42, and
decreased MDA content on day 42 (P <0.05). Se-BS sup-
plementation significantly increased the activities of SOD,
GPx, and CAT on day 21 and the activities of T-SOD, POD,
and CAT and the liver GPx-1 and TR-1 mRNA levels on

day 42, and decreased MDA content on day 42 (P <0.05).
Compared with the BS group, SS supplementation signifi-
cantly increased CAT activity on day 21 and the activities of
SOD, POD, and CAT and the liver GPx-1 and TR-1 mRNA
levels on day 42, and decreased MDA content on day 42
(P <0.05). Se-BS supplementation significantly increased
T-AOC and the activities of SOD, GPx, and CAT on day 21
and the activities of SOD, GPx, POD, and CAT and the liver
GPx-1 and TR-1 mRNA levels on day 42, and decreased
MDA content on day 42 (P <0.05). Compared with the SS
group, Se-BS supplementation significantly increased GPx
activity on day 21 and the activities of GPx, POD, and CAT
and the liver GPx-1 mRNA levels on day 42, and decreased
MDA content on day 42 (P <0.05).

Immune Status

The effects of Se-BS on the immune status of broilers
are shown in Table 5. Compared with the control group,

Table 4 Effect of Se-enriched

. . Time (d) Items CON SS BS Se-BS

B. subtilis on the antioxidant

capacity of broilers 21 SOD activity (U/mL) 27.62+0.80"  2945+1.38% 2738+254>  36.88+4.09
GPx activity (U/mL) 581.53+39.87° 626.86+41.12° 592.25+37.41° 767.54+44.23%
CAT activity (U/mL) 0.56+0.16" 2.52+0.35* 0.61+£0.24° 3.14+0.26*
POD activity (U/mL) 106.30+11.67 12325+20.63 108.72+22.43 128.75+21.44
MDA content (nmol/mL) 1.64+0.27 1.34+0.11 1.60+0.22 1.27+0.26
T-AOC (U/L) 3.32+0.39° 3.73+0.53° 3.47+0.64° 4.16+0.31°

42 SOD activity (U/mL) 2573+1.17°  39.09+3.128  2924+201°  41.71+250°

GPx activity (U/mL) 319.62+18.59° 365.32+12.62° 322.18+25.76 484.63 +22.72°
CAT activity (U/mL) 0.80+0.13° 2.60+0.29° 0.88+0.21¢ 3.60+0.20°
POD activity (U/mL) 105224545 117254552 106.74+4.88° 135.59+9.11
MDA content (nmol/mL) 2.14+£0.22% 1.36+0.23° 1.95+0.18 0.89+0.17°
T-AOC (U/L) 3.91+0.22° 413+032%  401+038%  4.76+0.43°

Mean values in the same line with different lowercase letters were significantly different (P <0.05); data
are presented as means + SD (standard deviation) of 6 pens per treatment

CON control group, SS group supplemented with sodium selenite, BS group supplemented with B. subtilis,
Se-BS group supplemented with Se—enriched B. subtilis

SOD superoxide dismutase, GPx Glutathione peroxidase, CAT catalase, POD peroxidase, MDA malondial-
dehyde, 7-AOC total antioxidant capacity
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Fig.1 Effect of Se-enriched B.
subtilis on the relative mRNA
levels of GPx-1 and TR-1 in
the liver and intestine. Data

are presented as means +SD
(standard deviation) (n="6).
Different superscript letters
denote significant differences
(P<0.05). CON control group,
SS group supplemented with
sodium selenite, BS group
supplemented with B. subtilis,
Se-BS group supplemented with
Se—enriched B. subtilis. GPx-1
glutathione peroxidase 1, TR-1
thioredoxin reductase 1

Table 5 Effect of Se-enriched
B. subtilis on the immune status
of broilers

Se-BS supplementation significantly increased the con-

()]

SN

Relative mRNA expression levels
w

[F conN
SS
BS
B8 se-Bs

2
1
O 1
Liver GPx-1 Intestine GPx-1 Liver TR -1 Intestine TR -1
Time (d) Items CON SS BS Se-BS
21 TNF- (ng/mL) 36.72+2.34 35.44+3.23 36.53+2.62 33.25+2.68
IEN-y (ng/mL) 159.84+24.66  168.76+26.50  168.27+24.04  166.03+24.21
IL-6 (pg/mL) 138.65+8.05 133.25+4.69 138.06+6.72 135.78 +5.73
IL-4 (ng/mL) 85.96+14.22 86.26+18.27 85.74+16.28 91.84+21.24
IL-2 (pg/mL) 471.95+16.52°  476.34+2279° 473.74+18.33°  537.66+15.97°
IgM (pg/mL) 0.11+0.02 0.12+0.02 0.11+0.03 0.13+0.08
IgG (pg/mL) 78.34 +3.06° 80.53 +4.28" 79.26 +4.24° 89.34+3.26"
IgA (pg/mL) 8.43+1.22 8.06+0.41 8.22+0.35 7.87+0.64
42 TNF-« (ng/mL) 35.45+3.40 39.86+1.54 34.98+3.26 37.52+2.90
IFN-y (ng/mL) 156.11+17.28  165.50+21.43  15829+18.57  169.60+17.36
IL-6 (pg/mL) 136.83+2.38 134.36+8.65 136.68 +3.47 134.68+7.28
IL-4 (ng/mL) 85.20+4.71° 89.67+2.21° 88.42+5.73% 96.12+3.27°
IL-2 (pg/mL) 473.56+17.09°  478.38+20.13°  476.38+20.22° 526.75+19.11%
IgM (pg/mL) 0.12+0.04 0.14+0.02 0.13+0.02 0.15+0.05
IgG (pg/mL) 76.53+5.12° 79.54 +6.42° 77.68 +5.58° 90.33 +4.80°
IgA (pg/mL) 8.63+0.88 7.74+0.56 8.66+0.49 8.11+0.23

Mean values in the same line with different lowercase letters were significantly different (P <0.05); data
are presented as means + SD (standard deviation) of 6 pens per treatment

CON control group, SS group supplemented with sodium selenite, BS group supplemented with B. subtilis,
Se-BS group supplemented with Se—enriched B. subtilis

TNF-a tumor necrosis factor a, IFN-y interferon vy, IL-6 interleukin 6, /L-4 interleukin 4, IL -2 interleukin
2, IgM immunoglobulin M, /gG immunoglobulin G, /gA immunoglobulin A

tents of IL.-2 and IL-4 on day 21 and the content of IL-2,

IL-4, and IgG on day 42 (P <0.05). No differences were
observed among the four groups in the contents of TNF-
o, IFN-vy, IL-6, IgM, IgG, and IgA on day 21 and TNF-a,

IFN-y, IL-6, IgM, and IgA on day 42 (P > 0.05).

@ Springer

Gut Health

The effects of Se-BS on the gut health of broilers are shown

in Tables 6 and 7 and Fig. 1. Compared with the control

group, SS supplementation significantly increased the organ

index and bowel wall thickness of the duodenum and the
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Table 6 Effect of Se-enriched B. subtilis on the gut health of broilers

Items CON SS BS Se-BS

Duodenum Index (g/kg) 3.83+0.28¢ 4.33+0.19° 4.68+0.25° 4.97+0.21°
Wall thickness (mm) 1.15+0.07¢ 1.33+£0.11° 1.49+0.10° 1.67+0.12

Jejunum Villus height (pm) 1403.81+10.05° 1520.06 +42.26° 1681.56+116.17* 1721.51+54.81*
Crypt depth (um) 184.79 +15.67¢ 193.50+ 11.48> 204.87 +10.50° 229.01 + 14.60°
v/C 7.65+0.74 7.88+0.56 8.21+0.45 7.54+0.44
sIgA content (pg/mL) 2.67+0.21° 2.89+0.34¢ 3.58+0.16° 3.96+0.12°

Cecum Total bacteria [log (CFU/g)] 13.11+£0.27 13.01+0.35 12.83 +0.57 12.72+0.51
Bifidobacterium content [log (CFU/g)] 10.85+0.23 10.54+0.42 10.22+0.47 10.51+0.27
Enterobacteria content [log (CFU/g)] 12.61+0.38* 12.45+0.25%® 10.33+£0.41° 10.69+0.28°
Lactobacillus content [1g (CFU/g)] 12.37+0.36 11.82+0.24 11.58+0.32 12.02+0.21

Mean values in the same line with different lowercase letters were significantly different (P <0.05); data are presented as means + SD (standard

deviation) of 6 pens per treatment

CON control group, SS group supplemented with sodium selenite, BS group supplemented with B. subtilis, Se-BS group supplemented with Se—

enriched B. subtilis

V/C villus height and crypt depth ratio, s/gA secretory immunoglobulin A, CFU colony forming unit

villus height and the GPx-1 and TR-1 mRNA levels of the
jejunum (P <0.05). BS and Se-BS supplementation sig-
nificantly increased the organ index and wall thickness of
duodenum and the villus height, crypt depth, and sIgA con-
tent of the jejunum and decreased the Enterobacteriaceae
content in the cecal contents (P <0.05). Se-BS supplemen-
tation also significantly increased the GPx-1 mRNA levels
of the jejunum (P <0.05). Compared with the SS group,
BS supplementation significantly increased the organ index
and wall thickness of duodenum and the villus height and
the sIgA content of the jejunum (P <0.05), and Se-BS sup-
plementation significantly increased the organ index and
wall thickness of the duodenum and the villus height, crypt
depth, sIgA content, and GPx-1 mRNA level of the jejunum
(P<0.05). Compared with the BS group, Se-BS supplemen-
tation significantly increased the organ index and wall thick-
ness of the duodenum and the crypt depth, sIgA content, and
GPx-1 mRNA level of the jejunum (P <0.05).

Discussion

This purpose of this study was to evaluate the roles of Se-BS
supplementation in improving the growth performance, anti-
oxidant capacity, immunity, and gut health of broiler chick-
ens and found that: (1) Se-BS supplementation promoted the
growth performance of broilers, which showed an increase
in BW and ADG and a decrease in FCR; (2) Se-BS sup-
plementation improved the antioxidant capacity of broilers,
which showed an increase in SOD and CAT activities and
the GPx-1 mRNA level and a decrease in MDA content;
(3) Se-BS supplementation enhanced the immune status of
broilers, which showed an increase in the levels of IL-2,

IL-4, and IgG; and (4) Se-BS supplementation promoted
gut health, which showed an increase in the organ index and
wall thickness of the duodenum and the villus height, crypt
depth, and sIgA content of the jejunum and a decrease in
Enterobacteriaceae content in the cecum.

Growth performance characteristics are a series of the
important preferred indicators used for evaluating the eco-
nomic benefits of additives, including Se, probiotics, and
their complexes. Most previous studies had demonstrated
that Se, probiotics, and their complexes could improve
growth performance and organ development [10, 14, 15].
Similarly, the present study found that BS, SS, and Se-BS
increased BW and ADG and decreased FCR, which indi-
cated that the economic benefits were improved. Moreover,
Se-BS treatment showed better growth-promoting effects
than BS and SS, which suggested that Se-BS treatment was
more efficient than B. subtilis or Se alone in regulating the
growth performance of broilers.

In general, MDA content, T-AOC, and the activities and
gene expression of some antioxidant enzymes could reflect
the antioxidant status [19, 20]. The accumulated evidence
indicated the antioxidant effects of BS and Se [3, 4, 13]. In
the present study, SS supplementation improved the anti-
oxidant capacity of broilers by increasing SOD and CAT
activities and reducing MDA content; however, BS supple-
mentation did not cause significant changes in the antioxi-
dant function of chickens. Moreover, we found that Se-BS
supplementation showed better antioxidant effects than BS
or Se supplementation alone and even enhanced the GPx-1
mRNA levels. These results suggested that Se in the Se-BS
complex played a more important role of enhancing the
antioxidant function and became more efficient after Se
bioculture enrichment. It is noteworthy that the antioxidant
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properties are one of the most important functions of Se
compounds, especially the regulating effects on the antioxi-
dant enzymes [3, 4, 15]. Nonetheless, the research on the
antioxidant effects of Se-BS is limited, and the mechanism
of antioxidant regulation needs to be further investigated.
As an essential nutritional factor for the immune
response, Se is an important life-related element directly
involved in immune function and has a promoting effect on
humoral immunity and cellular immunity [11, 14]. The lev-
els of immunoglobulins and cytokines can reflect the status
of the body's immunity and are also the important indicators
for evaluating the quality of additives. IgA, IgG, and IgM,
produced by B cells, are important parameters reflecting
the humoral immune status. TNF-a, IFN-y, IL-2, IL-4, and
IL-6 are pro-inflammatory cytokines produced by activated
monocytes, macrophages, T cells, and natural killer cells,
which play important roles in enhancing immune function
and resistance [19, 20]. Some previous studies have dem-
onstrated that the addition of Se and B. subtilis sources to
the feed can increase serum immunoglobulin and cytokine
levels in chickens [21, 22]. In this study, SS and BS did
not significantly affect the levels of immunoglobulins and
cytokines, while Se-BS significantly increased the levels of
IL-2, IL-4, and IgG. Similarly, Bakhshalinejad et al. found
that total anti-sheep red blood cells (SRBC), IgG titers, and
hypersensitivity were enhanced by using organic sources of
Se rather than SS [21]. Dalia et al. reported that Se sources
and the application time had a greater impact on immune
function: all Se sources increased IgM levels, SS and Se-
enriched Stenotrophomonas maltophilia increased 1gG lev-
els, and Se-enriched Enterobacter cloacae increased IgA
levels in the initial phase. All Se sources increased IgG, IgA,
and IgM levels, and no significant differences existed within
the Se sources in the finisher phase [22]. Therefore, some
factors, such as Se source, application time, and experimen-
tal animal, may affect the application results of Se sources
on the immune function. We suggest that the mechanism
of Se-BS enhancing immune function needs further study.
The gut is now considered to be the center of nutrient pro-
duction and the first line of defense for health, as it contains
78% microorganisms and 60%—70% immune cells. Micro-
bial composition, histomorphology, and sIgA content are
the most important indicators for evaluating gut health [22,
23]. Previous studies have evaluated the positive effects of
Se and probiotics on the gut health of animals [12, 18], and
Se-enriched probiotics exhibited better gut health than Se
and probiotics alone [23, 24]. Similarly, the present study
indicated that SS, BS, and Se-BS improved gut health,
while BS and Se-BS showed better gut health than SS, and
Se-BS showed a stronger promoting effect on gut morphol-
ogy and immunity than SS and BS. These results suggested
that BS and Se-BS played a better role in promoting gut
health, which may be related to the anaerobic properties of

@ Springer

bacteria and its multiple secretory products [14, 25], and
the probiotic effects of B. subtilis on different animals are
highly strain-specific due to the different characteristics of
the gastrointestinal environment [26]. In addition, B. subtilis
is able to incorporate Se from the growth medium to their
cells, which may enhance their growth and activity. On the
other hand, Se as an antioxidant may modulate the diversity
of gut microbiota via oxidative stress suppression and pro-
vide a better medium for the growth of beneficial bacteria.

Conclusion

In summary, dietary Se-BS supplementation improved the
growth performance, antioxidant ability, immune status, gut
health, and gene expression of selenoproteins in broilers and
can be considered as a more effective alternative source of
Se in broiler chickens.
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