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ABSTRACT Probiotics are being developed as al-
ternatives to antibiotic growth promoters. The aim of
the study was to investigate the effects of 2 novel strains
of Bacillus pumilus and Bacillus subtilis on production,
intestinal microbiota, gut health, and immunity of
broilers raised under suboptimal conditions. Day-old
chicks (Cobb 500, n 5 2,073) were randomly assigned
into 6 groups: Con group (group fed with basal diet), Ab
group (group treated with virginiamycin), groups
treated with 2 levels of B. pumilus (low dose: 3 !
108 cfu/kg of feed [BPL] and high dose: 1 ! 109 cfu/kg
[BPH]), and groups treated with 2 levels of B. subtilis
(low dose: 3 ! 108 cfu/kg [BSL] and high dose: 1 !
109 cfu/kg [BSH]). Production parameters were recor-
ded weekly. Cecal tonsils and content as well as ileum
samples were collected on day 14 and day 42. Cecal
tonsils were used to sort T-regulatory cells
(CD41CD8–CD251 and CD41CD81CD251) to
study expression of IL-10 and interferon gamma,
whereas cecal content was used for bacterial culture.
Ileum samples were used to measure gene expression of
tight junction proteins, mucin, and cytokines. BW and
feed intake increased in the Ab, BPL, BSL, and BSH
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groups compared with the Con group between day 35
and day 42. The CD41CD8-CD251 cells expressed
high levels of IL-10 in the BSH group on day 14 and in
the BPL, BSL, and BSH groups on day 42 and high
levels of interferon gamma in the BPL, BSL, and BSH
groups on day 14 and in the BSL andBSH groups on day
42. The expression of IL-10 and interferon gamma in
CD41CD81CD251 cells was higher only in the BSH
group on day 14 and day 42. Cecal bacterial populations
of genera, Lactobacillus (day 14 and day 42) and Clos-
tridium (day 14), were higher in the BSH group.
Expression of tight junction protein increased signifi-
cantly in the ileum on day 14 in the BPL (occludin, zona
occludens 1 [ZO-1]), BSL (occludin, ZO-1), and BSH
(occludin, ZO-1, junctional adhesion molecule 2 [JAM-
2]) groups compared with that in the Con group and
declined in all groups except in the BSH group (occlu-
din, ZO-1, JAM-2) on day 42. Expression of MUC2 and
IL-17F increased in all groups on day 14 and remained
high on day 42 in the BSL and BSH groups. Taken
together, both Bacillus probiotics altered the intestinal
and immune activities, particularly on day 14, sug-
gesting beneficial influence of probiotics.
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INTRODUCTION

To meet the growing demand for animal protein,
world poultry meat production soared from 9 to 122
million tonnes between 1961 and 2017 (FAO, 2020). It
is expected to continue increasing annually by 2.4% be-
tween 2015 and 2030 (FAO, 2015). To help broilers to
maintain good health after the ban of subtherapeutic an-
tibiotics as growth promoters, many different classes of
alternatives are being developed, including probiotics,
prebiotics, synbiotics, organic acids, phytogenics, anti-
microbial peptides, and bacteriophages (Gadde et al.,
2017a). Probiotics represent a nutritional approach to
enhance production- and health-related parameters in
broiler chickens (Grant et al., 2018). Probiotics also
help in disease prevention and recovery from infections.
Our laboratory has previously shown that Lactobacillus
plantarum reversed Salmonella typhimurium–induced
negative effects in terms of inflammation (Chen et al.,
2017) and disrupted intestinal permeability (Wang
et al., 2018). Bacillus-based probiotics used in recent
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studies showed strain-specific effects on the host, based
on production and health parameters measured. Gadde
et al. (2017b) and Jacquier et al. (2019) reported
improvement in different growth parameters including
feed conversion rate (FCR), using different Bacillus sub-
tilis strains as probiotics. However, other authors re-
ported no significant changes in FCR while using
different Bacillus strains (Teo and Tan, 2007; Ma
et al., 2018; Luan et al., 2019). Similar to growth param-
eters, the host immune and gut health responses to pro-
biotics also appeared to be strain specific. Ma et al.
(2018) found no significant immune response to a B. sub-
tilis strain, whereas others reported strong activation of
immune-related components by differentBacillus strains
(Teo and Tan, 2007; Gadde et al., 2017b; Luan et al.,
2019). In addition, while Aliakbarpour et al. (2012)
and Luan et al. (2019) observed significant increases in
mucin production in response to Bacillus-based probiot-
ics, Gadde et al. (2017b) reported no difference in mucin
production in response to different Bacillus strains. The
strain-specific effects were also reported for gut integrity
(Gadde et al., 2017b; Rhayat et al., 2019). Currently,
there is no clear explanation for strain- and dose-
specific effects of Bacillus probiotics. Different groups
are still developing and testing novel strains of Bacil-
lus-based probiotics that could have potential to influ-
ence hosts with broader beneficial effects.

Probiotics may induce beneficial effects through
different mechanisms including modulation of intestinal
microbiota, which is closely linked with maturation of
the immune system (Broom and Kogut, 2018). The
composition of gut microbiota in broilers is age depen-
dent, and 2 distinct diversified sets of microbiota are pre-
sent on day 14 and on day 42 during the broiler life cycle
(Ocejo et al., 2019). Furthermore, commensal microbes
affect various immune cells, including regulatory T cells
(Treg), dendritic cells, and IgA-secreting B cells, leading
to suppression of unnecessary inflammation in a mouse
model (Chu and Mazmanian, 2013). Regulatory T cells
are a subtype of CD41 T cells and play an important
role in keeping gut immune homeostasis as the intestinal
barrier is constantly exposed to microbial antigens with
a potential to induce inflammation (Sun et al., 2008). In
chickens, CD41CD251 T cells are considered as the
Treg (Lee et al., 2017), as the key Foxp3 equivalent
gene, the master transcription factor for Treg, is not
described in poultry yet except in peregrine falcons and
saker falcons (Denyer et al., 2016). Recently, a relation-
ship between Treg (CD41CD251 T cells) and gut
microbiota in chicken was studied in antibiotic-treated
chickens through administration of an antibiotic
cocktail consisting of ampicillin, gentamycin, neomycin,
metronidazole, and vancomycin in water for 7 d
(Lee et al., 2018). Both CD41CD82CD251 and
CD41CD81CD251 T cells in cecal tonsils were signifi-
cantly decreased by antibiotic treatment, and gram-
positive bacteria, especially Clostridia, were responsible
for the changes in CD41CD82CD251 or
CD41CD81CD251 T cells in cecal tonsils (Lee et al.,
2018). These findings provided clues for potential cross
talk between intestinal microbiota and Treg and influ-
ence on generation of controlled response to inflamma-
tory signals originating from the gut environment.
Probiotics, like antibiotics used as antibiotic growth pro-
moters, remodel the diversity and richness of intestinal
microbiota and may have direct or indirect influence
on regulation of T cells to check the inflammatory mech-
anisms. However, the effects of probiotics on Treg and
their anti-inflammatory response in chickens have not
been investigated so far.
The present study, therefore, was designed to evaluate

the effects of novel strains of Bacillus pumilus and B.
subtilis on production, intestinal microbiota, gut health,
and immunity (Treg) of broiler chickens raised under
suboptimal conditions.
MATERIALS AND METHODS

Birds, Diet, and Experimental Design

A total of 2,073 one-day-old male broiler chicks (Cobb
500) were obtained from a local hatchery (Grains Na-
tures, Tonton Falls, Quebec, Canada) and randomly
divided into 36 pens (6 pens per treatment). These birds
were assigned to 6 treatments and grown until 35 d
(6 pens per treatment) or until 42 d (3 pens per treat-
ment). The dietary treatments included 1) a standard
basal diet (Con group), 2) a basal diet with antibiotic
(virginiamycin at a dose of 16.5 mg/kg of feed) (Ab
group), 3) a basal diet with a low dose of B. pumilus
(3 ! 108 cfu/kg of feed) (BPL group), 4) a basal diet
with a high dose of B. pumilus (1 ! 109 cfu/kg of
feed) (BPH group), 5) a basal diet with a low dose of
B. subtilis (3 ! 108 cfu/kg of feed) (BSL group), and
6) a basal diet with a high dose of B. subtilis (1 !
109 cfu/kg of feed) (BSH group). The basal diet was
composed of corn, soybean meal, soybean oil, amino
acid supplements, vitamins, and mineral premix and
mixed as per the standard of NRC (National Research
Council, 1994) (Table 1). The chickens were fed with
a starter feed (23% protein and 2,977 kcal of ME/kg)
from day 1 to day 14 and a grower feed (20% protein
and 3,056 kcal of ME/kg) from day 15 to day 42
(Table 1). The feed and water were supplied ad libitum.
The probiotics (B. pumilus and B. subtilis) were pro-
vided by Lallemand SAS, Blagnac, France.
The experiment was conducted under suboptimal con-

ditions to simulate industrial conditions and evaluate
treatment responses, as previously described by
Pourabedin et al., 2014. In brief, birds were reared at a
higher density (16 birds/m2), colder temperature start-
ing at day 8 (4�C lower than stipulated code of practice),
and higher intestinal viscosity by adding 0.5% of guar
gum in the feed (Silbergeld et al., 2008). The lightning
program was 23-hour light and 1-hour darkness by day
5 of placement, and darkness was gradually increased
to 4 h for the rest of the study. The feed intake (FI),
body mass, and FCR were calculated on a weekly basis,
and mortality was checked daily for each pen. The study



Table 1. Composition (%) of the basal diet.

Ingredients Starter, % Grower, %

Corn 54.15 52.70
Soybean meal, 48% CP 38.55 30.84
Soybean oil 2.16 2.25
Phosphorus 1.74 0.93
Calcium 1.54 1.62
Vitamin–mineral premix 0.50 1 0.402

Salt 0.27 0.36
Lysine HCL 0.13 0
Methionine 0.14 0.12
Threonine 0.03 0
Choline chloride 0.10 0.10
Sodium carbonate 0.10 0.10
Anticoccidial (CobanR) 0.05 0.05
Wheat 0 10.00
ME, kcal/kg 2,977 3,056
CP, % 23.00 20
Lysine total, % 1.43 1.11
Methionine total, % 0.51 0.44
Crude fat, % 4.45 4.6
Calcium, % 1.05 0.92
Phosphorus total, % 0.75 0.56

1Provided per kilogram of diet (starter): 5998.49 IU of vitamin A,
2,999.75 IU of vitamin D, 50.21 IU of vitamin E, 30 ppm of vitamin B12,
2.02 ppm of vitamin K, 1.47 mg of folic acid, 13.35 mg of pantothenic acid,
149.99 mg of biotin, 50.38 mg of niacin, 3.2 mg of pyridoxine, 6.4 mg of
riboflavin, 2.23 mg of thiamine, 0.001% of magnesium, 0.02% of sulfur,
0.02% of sodium, 0.001% of potassium, 0.88 mg of iodine, 22.63 mg of iron,
12.63 mg of copper, 108.49 mg of manganese, 108.05 mg of zinc, 0.46 mg of
cobalt, and 0.40 mg of selenium.

2Provided per kilogram of diet (grower): 5999 IU of vitamin A, 3000 IU
of vitamin D, 29.80 IU of vitamin E, 30 ppm of vitamin B12, 2.02 ppm of
vitamin K, 1.47 mg of folic acid, 13.35 mg of pantothenic acid, 150 mg of
biotin, 50.38 mg of niacin, 3.2 mg of pyridoxine, 6.4 mg of riboflavin,
2.22 mg of thiamine, 0.001% of magnesium, 0.02% of sulfur, 0.02% of so-
dium, 0.001% of potassium, 0.88 mg of iodine, 22.56 mg of iron, 12.62 mg of
copper, 108.50 mg of manganese, 108.03 mg of zinc, 0.46 mg of cobalt, and
0.40 mg of selenium.
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protocol was approved by the Animal Care Committee
of McGill University (ref # 2018-8002/150930269).
Flow Sorting of Immune Cells for RNA
Extraction

Cecal tonsils (longitudinally cut), from 3 sacrificed
birds per group at day 14 and day 42, were obtained,
washed, and crushed using the flat end of a 3-mL syringe
plunger in 1 mmol EDTA solution. The solution was
passed through a 40-mm cell strainer (BD Biosciences)
into a 50-mL conical tube. The cells were centrifuged
for 8 min at 400 relative centrifugal force (w1200
RPM) and washed with cold PBS twice. The cells were
resuspended to a concentration of 1 ! 106 cells/mL in
flow staining buffer. The viability dye (eBioscience
FVD eFluor 780, San Diego, CA) was added to cells at
a concentration of 1 mL/mL, and the cells were incu-
bated for 30 min on ice and in a dark place. For exami-
nation of T-cell subsets, the cells were stained with
anti-chicken CD3-Dylight 405 (clone PC3/188A) (from
Santa Cruz Biotechnology, Inc., Dallas, TX), TCR
gamma/delta-PerCP (clone TCR1) (from Novus Biolog-
icals, Centennial, CO), CD4-FITC (clone CT-4) and
CD8a-PE (clone CT-8) (from Southern Biotech,
Birmingham, AL), and CD25-Alexa Fluor 647 (clone-
AbD13504) (from Bio-Rad, Philadelphia, PA). The cells
were fixed using fixative solution (eBioscience 1-step
Fix/Lyse Solution-10X). Different controls such as un-
stained, single stained for each antibody, fluorescence
minus 1 for each fluorophore, and viability dye were
included in the experiment. T-cell subpopulations
(CD41CD82CD251 and CD41CD81CD251) were
sorted using a BD FACSAriaTM Fusion cell sorter
(BD, Franklin Lakes, NJ) and stored in Trizol solution
(Invitrogen, Waltham, MA) at 220�C for RNA extrac-
tion to determine expression levels of IL-10 and inter-
feron gamma.
RNA Isolation and Measurement of mRNA
Levels of Immunity and Gut Integrity–
Related Genes

Ileum tissue samples (3 cm) were collected from 3
sacrificed birds per group at day 14 and day 42. These
samples were stored at 220�C in the TRIzol solution
(Invitrogen) before RNA extraction. The ileum tissues
and immune cells in the Trizol solution were homoge-
nized and centrifuged at 12,000 ! g for 10 min. The su-
pernatant was mixed with chloroform (257 mL/mL)
following the manufacturer’s recommendations and
centrifuged at 12,000 ! g for 15 min at 4�C to achieve
phase separation. The RNA in the supernatant was
mixed with an equal quantity of 70% ethanol and passed
through the membrane cartridges. The samples were
treated with DNAase enzyme (Invitrogen), and after
washings, the RNA was eluted in RNase-free water.
RNA quantity was assessed using a spectrophotometer
(DeNovix, Wilmington, DE) by measuring absorbance
at 260 nm, and RNA purity was determined using the
optical density ratios at 260/280 and 260/230. The
eluted RNA was stored at 280�C. Total RNA (1 mg)
was reverse transcribed to complementary DNA,
following the manufacturer’s instructions (Applied Bio-
systems, Beverly, MA). The cDNA samples were stored
at220�C. Expression levels of genes related to immunity
(IL-10 and interferon gamma), tight junctions (junc-
tional adhesion molecule 2 [JAM-2], occludin, and zona
occludens 1 [ZO-1]), mucin (MUC2), and proinflamma-
tory cytokine (IL-17F) was determined using specific
primers (Table 2) by real-time PCR (Bio-Rad). The
SYBR Green PCR master mix (Bio-Rad) was used as
per the manufacturer’s instructions for real-time PCR.
Expression levels of target genes were normalized by b-
actin and GAPDH, and relative quantification was
determined via the 22DDCt method (Livak and
Schmittgen, 2001). Each sample was analyzed in tripli-
cate, and no template controls were used to assess the
nonspecific primer amplification.
Bacterial Culture Analyses of Cecal Content
Samples

Birds were randomly selected and euthanized by cervi-
cal dislocation on day 14 (6 per group) and day 42 (3 per
group). The fresh cecal contents of birds were collected



Table 2. Primers used for quantitative real-time PCR.

Gene1 Primer sequence

IL-10 30-AGCTGACGGTGGACCTATTATT-50
30-GGCTTTGCGCTGGATTC-50

Forward
Reverse

Interferon gamma 30-CGGGAGCTGAGGGTGAA-50
30-GTGAAGAAGCGGTGACAGC-50

Forward
Reverse

IL-17F 5-TGAAGACTGCCTGAACCA-3
5-AGAGACCGATTCCTGATGT-3

Forward
Reverse

Occludin 5-GAGCCCAGACTACCAAAGCAA-3
5-GCTTGATGTGGAAGAGCTTGTTG-3

Forward
Reverse

ZO-1 5-CCGCAGTCGTTCACGATCT-3
5-GGAGAATGTCTGGAATGGTCTGA-3

Forward
Reverse

JAM-2 5-AGCCTCAAATGGGATTGGATT-3
5-CATCAACTTGCATTCGCTTCA-3

Forward
Reverse

MUC2 5-GCCTGCCCAGGAAATCAAG-3
5-CGACAAGTTTGCTGGCACAT-3

Forward
Reverse

B-actin 30-CAACACAGTGCTGTCTGGTGGTA-50
30-ATCGTACTCCTGCTTGCTGATCC-50

Forward
Reverse

GAPDH 5-GGTGGTGCTAAGCGTGTTAT-3
5-ACCTCTGCCATCTCTCCACA-3

Forward
Reverse

1IL-10: interleukin 10; IL-17F: interleukin 17F; ZO-1: zona occludens 1; JAM-
2: junctional adhesion molecule 2; MUC2: mucin 2; B-actin: beta-actin;
GAPDH: glyceraldehyde 3-phosphate dehydrogenase.
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and transferred to the laboratory in sterile tubes having
peptone water (1 g per 9 mL). The contents were serially
diluted 10-fold in 0.85% sterile saline solution. Diluted
contents were plated in duplicate on sterile petri dishes
having different selective agar, and mean values of cfu
were recorded for the statistical analysis. Lactobacillus
was detected using the de Man–Rogosa–Sharpe agar
(BD, Mississauga, Ontario, Canada) after 48 h of anaer-
obic incubation at 37�C, whereas Clostridium was
detected using the reinforced clostridial agar (Sigma-
Aldrich, Cleveland, OH) after 48 h of incubation under
anaerobic conditions at 35�C. Escherichia coli was
detected after 24 h of aerobic incubation using the
RAPID E. coli 2 selective medium (Bio-Rad, Missis-
sauga, Ontario, Canada) at 37�C. The colonies counted
after the incubation periods, and the values were
expressed as cfu per gram of cecal contents.
Table 3.Effects of dietary treatments on percentage of mortality of
broilers.

Treatments1 Percentage of mortality

Con 2.03b

Ab 3.47a,b

BPL 2.56b

BPH 2.32b

BSL 2.03b

BSH 5.56a

P-value 0.050

a,bMeans with different superscripts in the same column differ
(P , 0.05).

There are a total of 342 birds for the Con, Ab, and BPL groups and a
total of 348 birds for the BPH, BSL, and BSH groups.

1Con: control; Ab: antibiotic (virginiamycin); BPH: high dose of B.
pumilus; BPL: low dose of Bacillus pumilus; BSH: high dose of B. subtilis;
BSL: low dose of B. subtilis.
Statistical Analysis

A completely randomized design was used for different
parameters in the study. The data were analyzed via
one-way ANOVA using the SPSS software (version 24;
IBM, Armonk, NY). The data were presented as least
squares means 6 SEM for each treatment. The differ-
ences were considered significant at a P value � 0.05.
When the main effect was significant, differences be-
tween means were analyzed using Duncan’s multiple
range test.

The statistical model for completely randomized
design was as follows:

Yij5 m1TRTi1eij

where Yij represents the observation for the dependent var-
iables at the jth replicate in the ith treatment (i 5 1 to 6), m
is the overall mean, TRTi is the fixed effect of treatments
(i 5 1 to 6), and eij is the random residual error. The mor-
tality was estimated using the Kaplan–Meier estimation
method.
RESULTS

Effects of B. pumilus and B. subtilis
Probiotics on Production Parameters of
Broilers

To evaluate the effects of Bacillus probiotics on pro-
duction parameters of broiler chickens, BW, ADG, FI,
FCR, and mortality were monitored (Tables 3–7). The
effects of B. pumilus and B. subtilis on BW, ADG, FI,
and FCR between day 1 and day 35 were not
statistically different from the Con group, but the BPL
and BSH groups had the highest and lowest ADG,
respectively, during the period of day 14 to day 21
(Table 6). Mortality in the BSH group was higher than
in other groups (Table 3). At the end of the day 35 to
day 42 period, the BW in the Ab, BPL, BSL, and BSH
groups were higher than in the Con group (Table 4),
whereas the FI was higher in the Ab and BSH groups
and lowest in the BPH group than in the Con group
(Table 5). Feed conversion ratio was not affected by di-
etary treatments.



Table 4. Effects of dietary treatments on BW (g) of broilers.

Treatment1 Day 1 Day 7 Day 14 Day 21 Day 28 Day 35 Day 42

Con 38.3 128 376 801 1,376 2,055 2,780b

Ab 38.4 128 375 818 1,380 2,084 3,010a

BPL 38.0 126 373 831 1,413 2,130 3,033a

BPH 38.5 125 363 801 1,369 2,087 2,862a,b

BSL 38.1 131 364 790 1,366 2,045 2,973a

BSH 38.5 129 368 777 1,376 2,105 3,052a

SEM 0.47 2.0 6.8 13.0 19 27 55
P-value 0.959 0.436 0.635 0.086 0.597 0.285 0.034

a,bMeans with different superscripts in the same column differ (P , 0.05).
n 5 6 pens per group, 57 or 58 birds per pen.
1Con: control; Ab: antibiotic (virginiamycin); BPH: high dose of B. pumilus; BPL: low dose of

Bacillus pumilus; BSH: high dose of B. subtilis; BSL: low dose of B. subtilis.
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Effects of B. pumilus and B. subtilis
Probiotics on Intestinal Tight Junction and
Mucin Protein Expression in the Ileum

To determine whether B. pumilus and B. subtilis
affect intestinal integrity of broiler chickens, expres-
sion of the selected tight junction genes (occludin,
ZO-1, and JAM-2) and mucin gene (MUC2) was
determined through real time- polymerase chain re-
action (RT-PCR). The expression of occludin
(Figure 1A), ZO-1 (Figure 1B), and JAM-2
(Figure 1C) was increased in the ileum at 14 d of
age in the BPL (occludin and ZO-1), BSL (occludin
and ZO-1), and BSH (occludin, ZO-1, and JAM-2)
groups. However, expression of these genes in all
groups except the BSH (occludin, ZO-1, and JAM-
2) group became nonsignificant at day 42 in compar-
ison with that in the Con group. Expression of
occludin was different between the 2 levels of each
probiotic on day 14 and between the BSL and
BSH groups at day 42 (P , 0.05). Expression of
ZO-1 at day 14 was significantly different between
the 2 levels of each probiotic (Figure 1B). There
were also significant differences in expression of
ZO-1 and JAM-2 between the BSL and BSH groups
at day 42. Expression of the mucin (MUC2) gene
was significantly higher (Figure 1D) in all groups
than in the Con group at day 14 and remained
significantly higher than in the Con group at day
Table 5. Effects of dietary treatments on ADG

Treatment1 Day 1–7 Day 7–14 Day 14–

Con 12.8 35.4 60.7b,c

Ab 12.8 35.3 63.2a,b

BPL 12.6 35.3 65.4a

BPH 12.3 34.0 62.5a,b,

BSL 13.2 33.4 60.9b,c

BSH 12.9 34.1 58.6c

SEM 0.28 0.83 1.4
P-value 0.366 0.392 0.027

a,bMeans with different superscripts in the same
n 5 6 pens per group, 57 or 58 birds per pen.
1Con: control; Ab: antibiotic (virginiamycin); B

Bacillus pumilus; BSH: high dose of B. subtilis; BSL
42 for the BSL and BSH groups. The expression of
the mucin gene was significantly different between
the BSL and BSH groups on day 14 (P , 0.05),
but not on day 42. There were no differences in
mucin expression between the BPL and BPH groups
on both day 14 and day 42. These results showed
that both Bacillus probiotics had potential to
improve intestinal integrity and functions.
Effects of B. pumilus and B. subtilis
Probiotics on Cytokines (IL-10 and
Interferon Gamma) Secreted by
CD41CD82CD251 and CD41CD81CD251 T
Cells in Cecal Tonsils

To investigate how the Bacillus probiotics affect im-
mune regulation, CD41CD82CD251 T cells and
CD41CD81CD251 T cells were sorted from cecal ton-
sils, and expression of IL-10 and interferon gamma genes
in these cells was evaluated by RT-PCR. Expression of
interferon gamma (Figure 2A) and IL-10 (Figure 2B)
in CD41CD82CD251 T cells was increased in response
to treatement with BPL (interferon gamma), BSL
(interferon gamma), and BSH (IL-10 and interferon
gamma) diets at day 14 in comparison with the Con
group. Expression of IL-10 in the BPL, BSL, and BSH
groups and interferon gamma in the BSL and BSH
groups remained high by day 42, and expression in other
(g) of broilers.

21 Day 21–28 Day 28–35 Day 35–42

82.1 97.0 97
80.4 100.5 125
83.1 102.4 129

c 81.2 102.6 114
82.3 97.0 126
85.5 104.1 132
2.6 2.7 8.8
0.785 0.324 0.152

column differ (P , 0.05).

PH: high dose of B. pumilus; BPL: low dose of
: low dose of B. subtilis.



Table 6. Effects of dietary treatments on weekly feed intake (g) of broilers.

Treatment1 Day 1–7 Day 7–14 Day 14–21 Day 21–28 Day 28–35 Day 35–42

Con 22.5 58.2 113 149 170 206d

Ab 22.2 56.5 117 149 185 248a

BPL 22.9 55.0 118 143 162 214c

BPH 21.2 53.6 111 170 170 201e

BSL 22.1 57.5 114 155 161 239b

BSH 22.3 56.9 114 162 187 250a

SEM 1.2 2.2 8.9 10.4 12.9 0.86
P-value 0.943 0.697 0.994 0.509 0.591 ,0.001

a-dMeans with different superscripts in the same column differ (P , 0.05).
n 5 6 pens per group, 57 or 58 birds per pen.
1Con: control; Ab: antibiotic (virginiamycin); BPH: high dose of B. pumilus; BPL: low dose of

Bacillus pumilus; BSH: high dose of B. subtilis; BSL: low dose of B. subtilis.
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groups became nonsignificant compared with that in the
Con group. Expression levels of interferon gamma and
IL-10 between the 2 levels of each probiotic on day 42
were significantly different. Expression of interferon
gamma (Figure 2C) and IL-10 (Figure 2D) in
CD41CD81CD251 T cells was significantly higher
only in the BSH group on day 14 and day 42. The signif-
icant differences in expression of interferon gamma and
IL-10 were seen at both day 14 and 42 between the
BSL and BSH groups (P , 0.050). The results of
the study demonstrated that 3 probiotic groups
(BPL, BSL, and BSH) potentially stimulated
CD41CD81CD251 and CD41CD8-CD251 T cells
and influenced the expression of IL-10 and interferon
gamma.
Effects of B. pumilus and B. subtilis
Probiotics on IL-17F Cytokine Expression in
the Ileum

IL-17F is a proinflammatory cytokine, secreted by T
cells including Th17 cells, and plays a role in immune ho-
meostasis and regulation of gut integrity and function.
To investigate whether the Bacillus probiotics affected
the expression of the IL-17F gene, its expression in the
ileum was measured by RT-PCR. Expression levels of
IL-17F (Figure 2E) were significantly elevated in all
groups compared with the Con group by day 14 and
remained higher at day 42 in the BSL and BSH groups
only. Expression of IL-17F in the BSH group was seen
significantly higher than that in the BSL group
Table 7. Effects of dietary treatments on week

Treatment1 Day 1–7 Day 7–14 Day 14–2

Con 1.77 1.66 1.94
Ab 1.79 1.61 1.93
BPL 1.84 1.59 1.91
BPH 1.78 1.61 1.82
BSL 1.71 1.73 1.94
BSH 1.77 1.75 1.98
SEM 0.11 0.08 0.17
P-value 0.980 0.665 0.989

n 5 6 pens per group, 57 or 58 birds per pen.
1Con: control; Ab: antibiotic (virginiamycin); B

Bacillus pumilus; BSH: high dose of B. subtilis; BSL
(P , 0.050) on both day 14 and day 42. The results of
the study suggested that Bacillus probiotics contributed
to the activation of the IL-17F cytokine in the ileum.
Effects of B. pumilus and B. subtilis
Probiotics on Cecal Bacterial Populations

To determine whether B. pumilus and B. subtilis have
effects on the intestinal bacterial populations of broiler
chickens, the selected genera (Lactobacillus and Clos-
tridium) and species (E. coli) were determined via bacte-
rial culturing. As shown in Table 8, the bacterial counts
of Lactobacillus were significantly higher on day 14 in
the BSH group and remained higher on day 42 than in
the Con group. In contrast, Lactobacillus counts in the
BPL and BSL groups were significantly lower at day
14 than in the Con group. The Lactobacillus population
was higher in the BSH group than in the BSL group both
at day 14 and day 42 (P , 0.05) and higher in the BPH
group than in the BPL group at day 14 only (P, 0.050).
The Clostridium count among different groups was not
statistically different both at day 14 and 42, but in the
BSH group, it was higher than that in the Con, Ab,
and BSL groups at day 14 and the Ab group at day
42. There was a decrease in the cecal E. coli population
in broilers fed with the BPH diet in comparison with
those fed with the Con diet both at day 14 and 42 and
those fed with the BSL diet at day 14. On the other
hand, the E. coli population in other diet groups was
not statistically different from the Con groups both at
day 14 and 42. The E. coli population between the
ly feed conversion ratio of broilers.

1 Day 21–28 Day 28–35 Day 35–42

1.83 1.83 2.16
1.87 1.94 1.99
1.75 1.63 1.67
2.13 1.77 1.79
1.91 1.72 1.95
1.95 1.86 1.91
0.14 0.15 0.14
0.488 0.759 0.318

PH: high dose of B. pumilus; BPL: low dose of
: low dose of B. subtilis.
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Figure 1. (A) Expression of occludin mRNA in broiler ileum samples at 14 d and 42 d of age. Chickens were fed with basal diets (Con), diets sup-
plemented with antibiotic (Ab), or various strains ofBacillus pumilus at low dose (BPL), B. pumilus at high dose (BPH),B. subtilis at low dose (BSL),
andB. subtilis at high dose (BSH). abcDifferent letters mean significant differences between the groups (P, 0.05). Values are presented as least squares
means6 SEM (n5 3). (B) Expression of ZO-1mRNA in broiler ileum samples at 14 d and 42 d of age. Chickens were fed with basal diets (Con), diets
supplemented with antibiotic (Ab), or various strains of Bacillus pumilus at low dose (BPL), B. pumilus at high dose (BPH), B. subtilis at low dose
(BSL), and B. subtilis at high dose (BSH). abcdDifferent letters mean significant differences between the groups (P , 0.05). Values are presented as
least squares means 6 SEM (n 5 3). (C) Expression of JAM-2 mRNA in broiler ileum samples at 14 d and 42 d of age. Chickens were fed with basal
diets (Con), diets supplemented with antibiotic (Ab), or various strains of Bacillus pumilus at low dose (BPL), B. pumilus at high dose (BPH), B.
subtilis at low dose (BSL), and B. subtilis at high dose (BSH). abcDifferent letters mean significant differences between the groups (P, 0.05). Values
are presented as least squares means6 SEM (n5 3). (D) Expression ofMUC-2mRNA in broiler ileum samples at 14 d and 42 d of age. Chickens were
fed with basal diets (Con), diets supplemented with antibiotic (Ab), or various strains of Bacillus pumilus at low dose (BPL), B. pumilus at high dose
(BPH), B. subtilis at low dose (BSL), and B. subtilis at high dose (BSH). abcdDifferent letters mean significant differences between the groups (P ,
0.05). Values are presented as least squares means 6 SEM (n 5 3). Abbreviations: JAM-2, junctional adhesion molecule 2; ZO-1, zona occludens 1.
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BPL and BPH groups at day 14 and 42 and between the
BSL and BSH groups at day 14 (P , 0.050) was signif-
icantly different from each other.
DISCUSSION

In this study, we investigated the effects of B. pumilus
and B. subtilis on performance of broilers under subopti-
mal conditions. Although effects of B. subtilis strains in
broilers have been widely investigated (Grant et al.,
2018), the effect of B. pumilus on broilers is rarely re-
ported. During the first 5 wk of age (day 1–35), there
was no significant effect of B. pumilus and B. subtilis
strains on growth performance. However, looking at
the period of day 35 to day 42, the BW and FI were
significantly higher in the Ab, BPL, BSL, and BSH
groups at day 42 than in the Con group, whereas FI in
the BSH group was significantly lower at day 42 than
in the Con group. Other authors also reported this
delayed response of probiotics on growth performance.
Jacquier et al. (2019) reported no change in broiler per-
formance up to 21 d of age in response to B. subtilis
strains, but later, FCR and BW improved by 35 and
42 d of age, respectively. In contrary, Gadde et al.
(2017b) saw significant changes at day 14 in BW and
FCR of broilers in response to B. subtilis strain 1781.
B. pumilus was also reported to have beneficial effects
on the BW of giant freshwater prawns (Zhao et al.,
2019) and the striped catfish (Thy et al., 2017). These
dissimilarities in results could be attributed to the differ-
ences in strains used, probiotic dose, diet composition,
and rearing conditions.

Effects of B. pumilus and B. subtilis probiotics on
expression of various intestinal tight junction (TJ) pro-
teins were also investigated. These junctional proteins
maintain the integrity of the epithelial barrier and regu-
late paracellular permeability. The junction complexes
are composed of tight junctions, gap junctions, adherens
junctions, and desmosomes. Tight junctions include 4 in-
tegral transmembrane proteins (occludin, claudin, JAM,
and tricellulin) that interact with cytosolic scaffold pro-
teins (ZO), which in turn bind to the actin cytoskeleton
(Ulluwishewa et al., 2011). Therefore, to better under-
stand how B. pumilus and B. subtilis affected tight junc-
tions, changes in the gene expression of occludin, JAM-2,
and ZO-1 at the mRNA level were determined in the
ileum. Significant upregulation of expression of TJ pro-
teins was seen in response to Bacillus treatment groups,
except in the BPH group, on day 14, which became
nonsignificant in all groups except in the BSH group
on day 42. This increase in the first 2 wk of life and
then decline in TJ protein expression in later weeks of
life, especially in the B. pumilus probiotic groups, may
be attributed to the bacterial species specificity and
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Figure 2. (A) Expression of interferon gammamRNA in CD41CD8-CD251T cells in broiler cecal tonsil samples at 14 d and 42 d of age. Chickens
were fed with basal diets (Con), diets supplemented with antibiotic (Ab), or various strains of Bacillus pumilus at low dose (BPL), B. pumilus at high
dose (BPH),B. subtilis at low dose (BSL), andB. subtilis at high dose (BSH). abcdDifferent letters mean significant differences between the groups (P,
0.05). Values are presented as least squares means6 SEM (n5 3). (B) Expression of IL-10mRNA in CD41CD8–CD251T cells in broiler cecal tonsil
samples at 14 d and 42 d of age. Chickens were fed with basal diets (Con), diets supplemented with antibiotic (Ab), or various strains of Bacillus pum-
ilus at low dose (BPL), B. pumilus at high dose (BPH), B. subtilis at low dose (BSL), and B. subtilis at high dose (BSH). abcdDifferent letters mean
significant differences between the groups (P, 0.05). Values are presented as least squares means6 SEM (n5 3). (C) Expression of interferon gamma
mRNA in CD41CD81CD251 T cells in broiler cecal tonsil samples at 14 d and 42 d of age. Chickens were fed with basal diets (Con), diets supple-
mented with antibiotic (Ab), or various strains ofBacillus pumilus at low dose (BPL),B. pumilus at high dose (BPH),B. subtilis at low dose (BSL), and
B. subtilis at high dose (BSH). abDifferent letters mean significant differences between the groups (P , 0.05). Values are presented as least squares
means6 SEM (n5 3). (D) Expression of IL-10mRNA in CD41CD81CD251 T cells in broiler cecal tonsil samples at 14 d and 42 d of age. Chickens
were fed with basal diets (Con), diets supplemented with antibiotic (Ab), or various strains of Bacillus pumilus at low dose (BPL), B. pumilus at high
dose (BPH), B. subtilis at low dose (BSL), and B. subtilis at high dose (BSH). abDifferent letters mean significant differences between the groups (P,
0.05). Values are presented as least squares means6 SEM (n5 3). (E) Expression of IL-17FmRNA in broiler ileum samples at 14 d and 42 d of age.
Chickens were fed with basal diets (Con), diets supplemented with antibiotic (Ab), or various strains ofBacillus pumilus at low dose (BPL),B. pumilus
at high dose (BPH), B. subtilis at low dose (BSL), and B. subtilis at high dose (BSH). abcdeDifferent letters mean significant differences between the
groups (P , 0.05). Values are presented as least squares means 6 SEM (n 5 3).
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interactions of these probiotic strains with changing
populations of indigenous intestinal microbiota. The in-
testinal microbiota or their components activate
different submucosal immune cells including Th-17 cells
that secrete different cytokines such IL-17A, IL-17F, and
IL-22. These cytokines activate epithelial cells to in-
crease expression of TJ proteins (Weaver et al., 2013).
TJ proteins are dynamic in nature and are subject to
change and remodel in response to external stimuli in
the gut lumen such as food, commensals, and pathogenic
bacteria (Ulluwishewa et al., 2011). Thus, when anti-
genic signals from the intestinal lumen decline, their
expression also decreases as per conditions. Our results
are in agreement with those by Gadde et al. (2017b),
who used B. subtilis strain 1781 (PB1), a combination
ofB. subtilis strain 1,104 and strain 747 (PB2), orB. sub-
tilis strain 17811 strain 747 (PB3) and found that these
Bacillus strains significantly increased expression of TJ
proteins JAM-2, ZO-1 (PB2, PB3), and occludin (PB1,
PB2) on day 14 in broilers. Rhayat et al. (2019) reported
that B. subtilis strain Bs 29,784 improved expression of
TJ proteins (occludin, claudin-1, and ZO-1) and transe-
pithelial electrical resistance in CACO-2 cells in vitro.
Jacquier et al. (2019) also reported significant increase
in intestinal microvilli length (118% in the ileum and
117% in the cecum) in the broiler group fed with a Ba-
cillus strain. Improvement in TJ protein expression at
day 14 would be beneficial for young chickens as higher



Table 8. Effects of dietary treatments on cecal bacterial populations
(log10 cfu/g).

Treatments1
Lactobacillus sp. Clostridium sp. Escherichia coli

Day 14 Day 42 Day 14 Day 42 Day 14 Day 42

Con 9.12b 8.53c,d 9.04b,c 8.81a,b 8.51a 8.39a

Ab 8.97c 8.37c,d 8.84c 8.60b 8.42a,b 8.12a

BPL 8.82d 9.09a,b 9.10a,b,c 8.77a,b 8.37a,b 8.16a

BPH 9.01b,c 8.73b,c 9.28a,b 8.73a,b 7.75c 7.49b

BSL 8.79d 8.23d 8.94b,c 8.73a,b 8.34b 8.37a

BSH 9.55a 9.36a 9.45a 9.01a 8.53a 8.51a

SEM 0.04 0.13 0.05 0.04 0.05 0.08
P-value ,0.001 ,0.001 0.010 0.131 ,0.001 ,0.001

a-dMeans with different superscripts in the same column differ (P , 0.05).
n 5 6 per group at day 14 and n 5 3 per group at day 42.
1Con: control; Ab: antibiotic (virginiamycin); BPH: high dose of B. pumilus; BPL:

low dose of Bacillus pumilus; BSH: high dose of B. subtilis; BSL: low dose of B. subtilis.
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expression of TJ proteins will reduce intestinal perme-
ability and leakage of feed-originated toxins and con-
taminants across the epithelial lining. It will reduce
inflammation, and more energy will be available for
host production. Peng et al. (2019) used B. subtilis
CW14 strain as the probiotic to mitigate tight junction
injury by improving TJ protein expression and reduce
apoptosis that was induced by ochratoxin A. Similarly,
Emami et al. (2019) used a cocktail of probiotics to alle-
viate losses induced by Clostridium perfringens to pro-
duction and TJ proteins. Thus, higher expression of TJ
proteins in response to B. pumilus and B. subtilis at
day 14 can be interpreted as an improvement of intesti-
nal integrity.
Mucins, a major component of the mucus, are large

glycoproteins with a highly polymeric protein backbone
structure and can be either gel forming (secretory) or
membrane bound. MUC2, the major secretory mucin,
plays a vital role in keeping the architecture of the mucus
layer on the intestinal surface and in preventing microor-
ganisms from approaching the innermost mucus layer
(Jiang et al., 2013). In this study, MUC2 expression
increased in all treatment groups on day 14 and
remained high in the B. subtilis groups at day 42.
Aliakbarpour et al. (2012) reported similar increase in
mucin mRNA expression in the intestine upon supple-
mentation with Bacillus probiotics. Similarly, Luan
et al. (2019) reported increases in total goblet cells and
expression of mucin-2 in broiler tracheal samples in
response to the Bacillus amyloliquefaciens probiotic. In
contrast, Gadde et al. (2017b) observed no difference
in the expression of MUC2 in any of the probiotic-
treated or antibiotic-fed broilers at day 14 despite signif-
icant increases in BW and FCR. Probiotics can bring
changes in intestinal microbiota, which lead to changes
in bacterial fermentation products such as alterations
in the short-chain fatty acid (SCFA) profile (Pan and
Yu, 2014). These SCFA, especially butyrate, was consid-
ered to regulate mucin production locally (Tellez et al.,
2006). The SCFA-producing bacterial populations such
as genera of Lactobacillus and Clostridium were higher
in our study (BPL and BSH groups), which may
contribute to higher expression of mucin. Other reports
describe the role of IL-22 from Th-17 and other cells in
inducing goblet cells to secrete mucin in response to anti-
genic challenges (Sugimoto et al., 2008). A high produc-
tion of mucin is a beneficial protective measure to cope
with emerging intestinal challenges by invading patho-
gens. The high expression levels of mucin after supple-
mentation with Bacillus probiotics during the 42 d of
the life cycle could be helpful to chickens.

One subtype of CD4-positive T cells in humans, mice,
and poultry expresses an added receptor, CD25.
CD41CD251 T cells in chickens have been reported as
Treg (Shanmugasundaram and Selvaraj, 2011).
CD41CD251 can be divided into CD41CD82CD251
and CD41CD81CD251, although their functional dif-
ferences are unknown. It has been reported that reduction
of gut microbiota reduced mRNA expression of both IL-
10 and interferon gamma in CD41CD82CD251T cells,
but not in CD41CD81CD251T cells, from cecal tonsils
in chickens, suggesting existence of potential functional
differences between these 2 populations of cells
(Lee et al., 2018). These CD41CD251 cells can regulate
immune homeostasis with a key anti-inflammatory cyto-
kine, IL-10. Lee et al. (2018) reported that the percent-
ages of CD41CD8-CD251 and CD41CD81CD251
cells were decreased when chickens were treated with an
antibiotic cocktail and that the normal percentage was
regained when cohoused with untreated birds, indicating
a link between Treg and intestinal microbiota. In
our study, we investigated the impact of probiotics
(B. pumilus andB. subtilis) on cytokines (IL-10 and inter-
feron gamma) of CD41CD8-CD251 and
CD41CD81CD251 T cells in cecal tonsils of chickens.
We saw high expression of IL-10 and interferon gamma
(coexpression) in CD41CD82CD251 and
CD41CD81CD251 T cells in cecal tonsils in response
to probiotics, particularly in the case of the BSH group.
The bacterial species that belong toClostridia andLacto-
bacillus in the intestine can produce SCFA and activate
the Treg via GPR43 receptors and elicit their regulatory
functions to maintain intestinal homeostasis (Honda and
Littman, 2016; Lee et al., 2018). Our study observed in-
crease in the cecal population of Clostridium and Lacto-
bacillus species in the BSH group, which may provide
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an explanation for higher expression of IL-10 and inter-
feron gamma in CD41CD82CD251 and
CD41CD81CD251T cells in this group. The coproduc-
tion of IL-10 and interferon gamma by
CD41CD82CD251 and CD41CD81CD251 T cells
may work like Tr1 cells in chickens, as suggested by Lee
et al. (2018), using IL-10 to suppress and tolerate immune
responses.

We also observed that expression of IL-17F in the
ileum of chickens was increased in response to all 4 pro-
biotics groups (BPL, BPH, BSL, and BSH) on day 14
and remained significantly high in the BSL and BSH
groups, but not in the BPL and BPH groups, on day
42. The Th17 cells, with the help of their key cytokines,
IL-17A, IL-17F, and IL-22, can stimulate the production
of antimicrobial proteins by intestinal epithelial cells,
formation of tight junctions between these cells, recruit-
ment of granulocytes, andmediation in transportation of
IgA across the mucosa (Weaver et al., 2013; Honda and
Littman, 2016). These cells are concentrated more in
barrier sites such as the intestine than in systemic sites
(Weaver et al., 2013). Certain bacteria such as
segmented filamentous bacteria from the family Clostri-
diaceae were directly linked with stimulation of
Th17 cells (Ohnmacht et al., 2011). A recent study on
broilers reported elevated expression of IL-17 in response
to a mix of Lactobacillus, Bifidobacterium, and Entero-
coccus–based probiotic product (Emami et al., 2019),
suggesting a potential role of IL-17 in alleviation of dam-
age to TJ proteins and intestinal epithelial cells due to
pathogenic infection. Despite the protective role of
Th17 cells, they may play a role in pathological conse-
quences if overwhelmed by large microbial intestinal
breaches (Ohnmacht et al., 2011). Whether there is a
link between the high mortality rate in early weeks of
age and sustained higher expression of IL-17F in the
BSH group is intriguing. In addition, why expression of
IL-17F was reduced on day 42 in the B. pumilus groups
needs further investigation.

The groups treated with Bacillus probiotics performed
better than theAb group in several aspects. Expression of
many genes in the Ab group was significantly lower than
in the BPL, BSL, and BSH groups for occludin and ZO-1,
the BSH group for JAM-2, and the BSL and BSH groups
for MUC-2 on day 14 and the BSH group for occludin,
ZO-1, and JAM-2 and the BSL and BSH groups for
MUC-2 on day 42. Similarly, the effect of BSH diet on
CD41CD8-CD251 and CD41CD81CD251 T cells
was significantly higher than in the Ab group in terms
of interferon gamma and IL-10 secretions on day 14 and
42. The BPL and BSL groups at day 14 and BSL group
at day 42 showed significantly better result than the Ab
group in terms of their effects on interferon gamma secre-
tion from CD41CD8-CD251 T cells. Similarly, IL-10
secreted byCD41CD8-CD251 cells at day 42was higher
in the BPL group than in theAb group. The expression of
interferon gamma and IL-10 from CD41CD81CD251
cells was not significantly different among the Ab, BPL,
BPH, and BSL groups at day 14 and 42. These results
are in agreement with those reported by Gadde et al.
(2017b), who found that the groups treated withBacillus
probiotics generated better results than the antibiotic
(bacitracin methylene disalicylate) group in terms of im-
munity and tight junction protein expression.
CONCLUSION

Taken together, this study documented the effects of
B. pumilus and B. subtilis strains on growth perfor-
mance, intestinal microbiota, immunity, and gut health.
We observed that B. pumilus and B. subtilis supplemen-
tation conferred intestinal health benefits to broilers by
promoting gut integrity and function coupled with acti-
vation of Treg of the immune system. These effects were
strain, dose, and age sensitive and were different for B.
pumilus and B. subtilis.
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