Probiotic Bacillus subtilis 29,784 improved weight gain and
enhanced gut health status of broilers under necrotic enteritis
condition
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ABSTRACT The study investigated the benefit of a
Bacillus subtilis probiotic (Bs 29,784) in necrotic enteritis
(NE)-challenged broilers. Four treatments were per-
formed with 312 male day-old Ross 308 reared in floor
pens from day 0 to day 35: 2 groups fed control diet
without or with NE challenge (CtrINC and CtrINE); 2
groups fed probiotic and antibiotic supplements in the
control diet with NE challenge (ProNE and AntNE).
Necrotic enteritis challenge procedures commenced with
inoculation of Fimeriaspp 1 mL/bird per os at day 9 and
Clostridium perfringens EHE-NE18 (approximately
10® cfu/mL) 1 mL/bird per os at day 14 and day 15.
Performance parameters were measured on day 16 and
day 35. Lesion, cecal microbiota, and jejunal gene
expression were analyzed on day 16. Necrotic enteritis
challenge significantly suppressed the performance pa-
rameters compared with CtrINC: 27% weight gain
reduction, 11 points feed conversion ratio (FCR) increase
at day 16, and 12% weight gain reduction, 5-point FCR
increase at day 35. By day 35, ProNE and AntNE
treatments enabled significantly higher weight gain (4
and 9%, respectively) than CtrINE. Compared with

CtlrNE and contrary to AntNE, ProNE treatment
exhibited upregulation of genes coding for tight junctions
proteins (CLDN1, JAM2, TJP1), cytokines (IL12,
interferon gamma, TGFp), and Toll-like receptors
(TLR5, TLR21) suggesting enhanced immunity and in-
testinal integrity. 16S NGS analysis of cecal microbiota
at day 16 showed a decreased alpha diversity in chal-
lenged groups. Principal component analysis of opera-
tional taxonomic unit (OTU) abundance revealed that
ProNE and AntNE grouped closely while both distantly
from CtrINC and CtrINE, which were separately
grouped, indicating the similar effects of ProNE and
AntNE on the OTU diversity that were however
different from both CtrINC and CtrINE. Microbiota
analysis revealed an increase of genera Faecalibacterium,
Oscillospira, and Butyricicoccus; and a decrease of
genera Ruminococcus, Lactobacillus, and Bacteroides;
and an increase of the Firmicutes-to-Bacteroidetes ratio
in ProNE and AntNE groups compared with the CtlrNE
group. It is concluded that Bs 29,784 may enable
improved health of broiler chickens under NE conditions
thus performance implications.
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INTRODUCTION

A recent estimate has speculated US$6 billion per
annum profitability loss in the poultry industry globally
by necrotic enteritis (NE) related to productivity
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degradation and measures for containment (Wade and
Keyburn, 2015). The etiologic agent of the disease were
identified in virulent Clostridium perfringens type G
through a highly opportunistic pathology with coopera-
tive factors that initialize degradation on intestinal
health until an excavation of immune status and drastic
distortion to the intestinal microbiome happens (Van
Immerseel et al., 2009; Moore, 2016). It was reported
that coccidiosis, high level of fish meal in the diet, viscos-
ity increased by nonstarch polysaccharides, and other
predisposing factors could compromise intestinal health
and trigger proliferation of C. perfringens, encouraging
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the bacterium to attach to and intrude the compromised
intestinal epithelium of the affected chickens (Annett
et al., 2002; Collier et al., 2008). It is essential that path-
ogenic C. perfringens are capable of producing NetB
toxins to initiate NE in the poultry flock (Keyburn
et al., 2008). Reports have shown that most of NE-
affected flocks had isolated C. perfringens carrying
NetB in the genome. Furthermore, the threat of NE ex-
ists when birds are succumbed to it by predisposing fac-
tors because all healthy birds carry various strains of C.
perfringens in the gastrointestinal tract as commensal
bacteria (Van Immerseel et al., 2009).

Because the nature of the disease is highly relevant to
bacterial infection in the intestine, NE can be effectively
controlled with the preventive supplementation of anti-
biotics in feed in the current control measure. However,
the implicit withdrawal of antibiotic growth promoters
from animal production in the European Union in 2006
(Regulation [EC| N°1831/2003) and voluntary discon-
tinuation of subtherapeutic use of antibiotics in major
poultry producer countries exploit alternative methods
to counter bacterial borne disease in poultry (Dahiya
et al., 2006). Over the decades, genetic selection,
continuing improvement in nutrition, and refinement
in management practices have demonstrated a signifi-
cant improvement in modern broiler production
(Tsiouris, 2016). Modern broiler production can achieve
more efficient use of feed that is translated to weight gain
and shorter rearing period compared with older produc-
tion settings. It is therefore important to maintain a
healthy status of the intestine in the animal to ensure
this high efficiency is not compromised (Raidal, 2000).
Thus, subclinical NE in the flocks with suboptimal
health status of intestine may lead to compromised per-
formance and loss of profit for growers. The costs of sub-
clinical NE can quickly escalate owing to extra feed
consumption and reduction of the market weight of the
animals (Skinner et al., 2010). It is speculated that there
is a strong association between intestinal microbiota
shift and disease outbreak (Gabricl et al., 2006).

Nutritional immunity of the host can restrain and
alter the intestinal ion and protein availability in the
gut. This potentially creates a competitive environment
among gut commensals whereas the inflamed intestine
will have compromised capability to prevent the eleva-
tion of enteric pathogens (Liu et al., 2012; Faber and
Baumler, 2014). Probiotics are the broad term of
direct-fed microbial which may consist of one or multiple
strains of microorganisms that can beneficially affect the
intestinal ecosystem and the intestinal health of the host
animal (Edens, 2003; Dhama et al., 2008). Various mi-
croorganisms have shown beneficial potent in animal
production, such as Enterococcus spp., Saccharomyces
yeast, spores of Bacillus spp., Bifidobacterium, and to
the lesser extent, Lactobacillus spp. (Fan et al., 2006).
Probiotics derived from spore-forming organisms, such
as Bacillus spores, have shown examples as a promising
probiotic candidate in countering Escherichia coli, Sal-
monella enterica, serotype FEnteritidis, and C. perfrin-
gens in the poultry settings (La Ragione et al., 2001;

La Ragione and Woodward, 2003; Rhayat et al., 2017).
However, the protective effect of the direct-fed microbial
against disease alleviation may not equally translate
to improvements on the performance parameters such
as the weight gain (Awad et al., 2009; Waititu et al.,
2014).

Bacillus subtilis strain DSM 29784 (Bs 29,784) is a
relatively new probiotic (Rhayat et al., 2017). It has
been reported that the probiotic can improve feed con-
version ratio (FCR) and small intestine growth and vil-
lus height in broilers (Mohammadigheisar et al., 2019).
Furthermore, the supplementation of Bs 29,784 in the
chicken’s diet may selectively enrich beneficial bacterial
communities, which in turn promote the growth and per-
formance of hens (Neijat et al., 2019). The present study
was the continuing research of the capability of Bs
29,784 to improve intestinal health status and the
growth performance in broiler chickens under experi-
mentally induced NE condition.

MATERIALS AND METHODS
Experiment Design and Bird Husbandry

The Animal Ethics Committee of the University of
New England approved the study. A total of 312 male
Ross 308 broiler chickens were procured as day-old
from a local hatchery (Biada, Tamworth, Australia)
and raised in a floor pen facility for 35 d. Birds were
randomly allocated to a group of 13 birds each into a
24 individual floor pen partitions on arrival. Each pen
featured 120 X 76 cm® bedded dry wood shavings
providing water and feed ad libitum. Four treatment
groups were randomly allocated to 24 pen partitions,
including 2 control diet treatments without (CtrINC)
or with (CtrINE) challenge and 2 NE challenged with
additive either with probiotic (ProNE) or antibiotic
(AntNE), respectively. Temperature settings followed
Ross 308 recommendations with a starting temperature
of 34°C-35°C on arrival up to day 3 of age, then
decreasing cumulatively 2°C in every 3 d until the tem-
perature of 22°C-23°C was reached by day 21. Birds
were inspected at least twice daily for environmental
conditions and bird health, welfare, and mortality.

Dietary Treatments

A standard three-phase feeding regime was practised
with a starter diet (day 0-10), a grower diet (day 10—
24), and a finisher diet (day 24-35), in crumbled form
(e < 2 mm) during day 0-10 and pellet form (e 3—
3.5 mm) during day 10-35. A cold pelleted (50°C—
70°C) wheat—soybean meal was used as the basal diet
(Table 1). The control diet was provided to the CtrINC
and the CtrINE and the addition of either probiotic or
antibiotic supplement to ProNE and AntNE treatments,
respectively. The probiotic diet was made up of addition
of 500 g/ton supplement of B. subtilis DSM29784 (Alter-
ion NE50, Adisseo, France S. A. S) on top of the basal
formula to obtain a final concentration of 10° cfu/kg of
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Table 1. Feed formulation and nutrient composition.

Diet Starter day 0-10 Grower day 10-24 Finisher day 24-35 Unit

Ingredient name
Wheat 30.0 44.7 34.8 %
Sorghum 31.1 20.0 30.0 %
Soybean meal 27.1 19.1 18.9 %
Solvent-extracted canola meal 2.0 5.0 4.5 %
Meat and bone meal 4.6 5.0 5.0 %
Canola oil 2.4 3.9 4.8 %
Limestone 0.679 0.585 0.525 %
Dicalcium phosphorus 18P /21Ca 0.654 0.436 0.339 %
Salt 0.109 0.124 0.134 %
Sodium bicarb 0.168 0.128 0.125 %
UNE vitamin premix’ 0.090 0.090 0.090 %
UNE trace mineral premix” 0.100 0.100 0.100 %
Choline chloride 70% 0.039 0.038 0.029 %
L-lysine 0.409 0.352 0.324 %
DL-methionine 0.313 0.244 0.254 %
L-threonine 0.187 0.152 0.152 %

Nutrient specification
ME poultry 3,025 3,150 3,200 keal/kg
CP 23.3 21.2 20.9 %
Crude fat 4.6 6.1 7.0 %
Crude fiber 3.0 3.0 2.9 %
Isoleucine 0.983 0.867 0.852 %
Digestible arginine 1.321 1.153 1.125 %
Digestible lysine 1.270 1.100 1.060 %
Digestible methionine 0.608 0.521 0.526 %
Digestible methionine and creatinine 0.940 0.840 0.830 %
Digestible tryptophan 0.222 0.205 0.193 %
Digestible threonine 0.830 0.730 0.720 %
Digestible valine 0.940 0.840 0.830 %
Insoluble NSP 14.6 14.6 17.7 g/kg
Calcium 0.900 0.850 0.800 %
Available phosphorus 0.450 0.425 0.400 %
Sodium 0.160 0.160 0.160 %
Potassium 0.916 0.801 0.785 %
Chloride 0.230 0.230 0.230 %
Choline 1,600 1,500 1,400 mg/kg
Linoleic 18:2 1.502 1.803 1.931 %

Abbreviation: UNE, University of New England.

Vitamin premix per kg contains the following: vitamin A, 12 MIU; vitamin D, 5 MIU; vitamin E, 75 mg; vitamin K,
3 mg; nicotinic acid, 55 mg; pantothenic acid, 13 mg; folic acid, 2 mg; riboflavin, 8 mg; cyanocobalamin, 0.016 mg; biotin,
0.25 mg; pyridoxine, 5 mg; thiamine, 3 mg; antioxidant, 50 mg.

2Mineral premix per kg contains the following: Cu, 16 mg as copper sulfate; Mn, 60.

feed. The antibiotic diet was supplemented with Zn bac-
itracin 50 mg/kg and salinomycin 75 mg/kg on top of the
base formula.

Necrotic Enteritis Challenge and
Postmortem

At day 9, birds in the NE-challenged groups received
1 mL/bird per os FEimeria spp (Eimeria acevulina
5,000 oocytes/mL, Eimeria maxima 5,000 oocytes/ml,
FEimeria brunetti 2,500 oocytes/mL) (Eimeria Pty Ltd.,
Victoria, Australia). Each bird of this group was then
inoculated 1 mL per os with a viable growth of C. per-
fringens type A strain of EHE-NE18 isolated from NE-
infected chicken in the field (approximately 10® cfu/
mL) (Commonwealth Scientific and Industrial Research
Organisation, Geelong, Australia) at day 14 and day 15
as previously reported (Wu et al., 2010; Rodgers et al.,
2015). Equivalent sham inoculants (PBS and sterile
broth) were administered to unchallenged birds at day
9 and day 14 and 15, respectively. On any occurrence
of mortality after the induction of NE challenge, a nec-
ropsy was carried out to determine the cause of death.

Pen BW and feed intake were measured at day 16 and
35, and feed conversion rate was calculated accordingly
taken in consideration of mortalities.

Intestinal Lesions

Necrotic enteritis—caused intestinal lesions were deter-
mined after an autopsy of sampled birds at day 16. Two
birds per pen were euthanized at day 16, and the entire
length of the small intestine was removed to examine the
NE lesions. The intestinal lesion score was determined
by 2 experienced researchers, using a 0 to 4 lesion scoring
criteria reported by Prescott (1979). Briefly, score 0 indi-
cates no gross changes in intestine; 1 represents thin-
walled or friable mucosal layers; 2 is for focal necrosis
or ulcerations; 3 designates obvious necrosis in large
patches along the intestine; and 4 means severe necrosis
with resemblance to a typical field cases of NE.

RNA Extraction and cDNA Synthesis

Aseptically, 1 cm length of the jejunum and ileum sec-
tions were collected from euthanized birds on day 16,
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rinsed with sterile PBS, and immediately preserved in a
2-mL Eppendorf tube containing 1.5 mL of RN Alater so-
lution (Sigma-Aldrich, Australia). Total RNA was
extracted from the jejunum and ileum tissue after ho-
mogenization in TRIsureTM (Bioline, Sydney,
Australia) as per the manufacturer’s instructions. RNA
quantity and purity was determined using a NanoDrop
ND-8000 spectrophotometer (Thermo Fisher Scientific,
Waltham). RNA integrity (RNA integrity number)
was analyzed with an RNA 6000 Nano kit on the Agilent
2100 Bioanalyzer (Agilent Technologies, Inc., Wald-
bronn, Germany). RNA samples were considered to be
of high integrity if the RNA integrity number was higher
than 7.5.

cDNA synthesis was conducted by using the Quanti-
Tect Reverse Transcription Kit (Qiagen, Hilden, Ger-
many) following the manufacturer’s instructions.
Briefly, 1 pg of total RNA from each sample was incu-
bated in 2 pL of 7 X gDNA Wipeout Buffer at 42°C
for 2 min to remove possible contamination of genomic
DNA. Then, the solution was mixed with reverse tran-
scription reaction components that contained 1 uL of
Quantiscript Reverse Transcriptase, 4 uL of 7 X Quanti-
script RT Buffer, and 1 pLb of RT Primer Mix. The mix
was incubated on the Rotorgene 6000 real-time PCR

Table 2. Sequences of primers used for quantitative real-time PCR.

machine (Corbett, Sydney, Australia) at 42°C for
15 min and at 95°C for 3 min to convert the RNA into
cDNA. The ¢cDNA was diluted 10 times with nuclease-
free water and stored at —20°C until required for quan-
titative PCR.

Quantitative PCR

Primers used to target the specific genes of interest
were sourced from publications or were designed by the
NCBI primer tool (http://www.ncbi.nlm.nih.gov) with
specificity check performed on primer pairs. The infor-
mation about primers is shown in Table 2. The SYBR
Green kit SensiFAST SYBR No-ROX (Bioline, Sydney,
Australia) was used for the quantification of the cDNA
samples in triplicates. A 10-pL reaction size was applied
(5 uL of 2 X SensiFAST, 400 mM of each primer, and
2 uL of DNA template) using a Rotor-Gene 6000 real-
time PCR machine (Corbett Research, Sydney,
Australia). Thermocycling conditions for a 2-step PCR
were as follows: first denaturation at 95°C for 2 min,
then 40 cycles of denaturation at 95°C for 5 s and anneal-
ing and extension at appropriate annealing temperature
for 20 s. The fluorescent data were acquired at the end of
each annealing/extension step during PCR cycles. A

Amplicon

Gene Full name Sequence size (bp) Ta °C References

IgA Immunoglobulin A GTCACCGTCACCTGGACACCA 192 64 (Lammers et al., 2010)
ACCGATGGTCTCCTTCACATC

IgG Immunoglobulin G ATCACGTCAAGGGATGCCCG 118 60 (Zhao et al., 2013)
ACCAGGCACCTCAGTTTGG

IgM Immunoglobulin M GCATCAGCGTCACCGAAAGC 98 60 (Zhao et al., 2013)
TCCGCACTCCATCCTCTTGC

CLDN1 Claudin 1 CTTCATCATTGCAGGTCTGTCAG 103 60 (Zanu et al., 2020)
AAATCTGGTGTTAACGGGTGTG

CLDN5 Claudin 5 GCAGGTCGCCAGAGATACAG 162 61 (Zanu et al., 2020)
CCACGAAGCCTCTCATAGCC

OCLD Occludin ACGGCAGCACCTACCTCAA 123 60 (Du et al., 2016)
GGGCGAAGAAGCAGATGAG

JAM2 Junctional adhesion 2 AGACAGGAACAGGCAGTGCTAG 135 60 (Zanu et al., 2020)
ATCCAATCCCATTTGAGGCTAC

TJP1 Tight junction protein 1 GGATGTTTATTTGGGCGGC 187 60 This study
GTCACCGTGTGTTGTTCCCAT

TLR5 Toll-like receptor 5 TGTGGGAGAGAGGTTTATGTTTGG 169 60 (Yang et al., 2015)
CTGAGAGAGAGGTGAGACAATAGG

TLR21 Toll-like receptor 21 AGTTGTGTCCTGTGCTGAGAG 130 60 (Wang et al., 2015)
AGCAGGTTGTGTTCCACTGTC

IL2 Interleukin 2 TCTGGGACCACTGTATGCTCT 256 60 (Liu et al., 2018)
ACACCAGTGGGAAACAGTATCA

IL6 Interleukin 6 CAAGGTGACGGAGGAGGAC 254 60 (Hong et al., 2012)
TGGCGAGGAGGGATTTCT

IL7 Interleukin 7 GGTTCTGCCACTTCTCCTTG 160 60 (Khan et al., 2020)
CTTGCAGCATCTGTCACGATA

IL12-6 Interleukin 12f TGGGCAAATGATACGGTGAA 83 60 This study
CAGAGTAGTTCTTTGCCTCACATTTT

IL18 Interleukin 18 TGTGTGTGCAGTACGGCTTAG 79 60 (Forder et al., 2012)
CTTACAAAAGGCATCGCATTC

IFN-y Interferon gamma AGCTGACGGTGGTGGACCTATTATT 259 60 (Liu et al., 2018)
R-GGCTTTGCGCTGGATTC

TGF-46 Transforming growth factor-4p AGGATCTGCAGTGGAAGTGGAT 137 60 This study
CCCCGGGTTGTGTTGGT

HPRT1 Hypoxanthine phosphoribosyl- ACTGGCTGCTTCTTGTG 245 63 (Yang et al., 2013)

transferase 1 GGTTGGGTTGTGCTGTT
TBP TATA-Box binding protein TAGCCCGATGATGCCGTAT 147 62 (Li et al., 2005)

GTTCCCTGTGTCGCTTGC
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melting step was conducted to assess the specificity of
PCR amplification. After the cycle, the amplification cy-
cle values of each gene were analyzed against 2 optimized
reference  genes  (hypoxanthine  phosphoribosyl-
transferase 1 and TATA-box binding protein) using
qBase +, version 3.0 (Biogazelle, Wijnbeke, Belgium).
The logarithmic value of amplification cycle was trans-
formed to linear relative quantity in qBase+, and output
data were statistically analyzed with SPSS statistics,
version 22 (IBM SPSS, UK). Expression levels of the
genes were expressed in means of normalized relative
quantities genes (Vandesompele et al., 2002; Hellemans
et al., 2007) in respective treatments.

Microbiota Analysis

On day 16, the same birds autopsied for intestinal le-
sions were used for cecal digesta collection (1 g) that was
aseptically transferred into a 2-mL Eppendorf safe-lock
tube, snap-frozen in liquid nitrogen, and stored at
—20°C until DNA extraction. DNA extraction was con-
ducted using the QIAGEN Stool Kit (Qiagen, GmbH,
Hilden, Germany) as per the manufacturer’s instruction.
DNA samples were aseptically transferred to an external
next-generation sequencing service (BGI Tech Solutions,
Hong Kong, Co., Ltd.). DNA samples underwent quality
check and library preparation. The jagged ends of the
amplicons were performed end-repair into blunt end by
using a T4 DNA polymerase, Klenow fragment and T4
polynucleotide kinase. Then, amplicons were added “A”
base to each 3’ end, and adapter ligation was performed.
Short fragments were removed by AMPure beads.
Fusion primers targeting V3-V4 regions of the bacterial
16S rRNA gene (3- AGATCGGAAGAGCA-
CACGTCTGAACTCCAGTCAC; 5- AGATCGGAA-
GAGCGTCGTGTAGGGAAAGAGTGTA) with dual
index and adapters were used for PCR. The qualified li-
brary was chosen for sequencing (MiSeq PE300 Dual
Index).

The raw 16S sequence data were cleaned by removing
adapter sequences and reads of low quality. The
consensus sequence was generated by Fast Length
Adjustment of SHort reads (v1.2.11) (Magoc and
Salzberg, 2011). Paired-end reads without overlaps
were removed. Then, a further step of removal of primer
sequences was performed, and a final total of 1,622,966
tags without primer were obtained with an average of
67,623 tags per sample and an average tag length of
411 bp. These tags were clustered to operational taxo-
nomic unit (OTU) at 97% sequence similarity using
the software USEARCH (v7.0.1090) (Edgar et al.,
2011). Chimeras were filtered out by UCHIME
(v4.2.40). All tags were mapped to each OTU-
representative sequences using USEARCH GLOBAL,
then the number of tags of each OTU in each sample
was summarized to the OTU abundance table. The rela-
tive abundance of each OTU in every sample was calcu-
lated from the OTU abundance information, based on
relative abundance value; principal component analysis
was performed by aded package of R (v3.1.1).

Taxonomic ranks were then assigned to OTU-
representative sequences using the Ribosomal Database
Project (Release9 201203) (Cole et al., 2014) Naive
Bayesian Classifier v.2.2. The classifier was trained on
the Greengenes database (v201305) (DeSantis et al.,
2006). Unassigned OTU and OTU not assigned to the
target species were removed. Alpha diversity is applied
for analyzing complexity of species (Schloss et al.,
2009) diversity for each sample through the indices,
observed species, Chaol, Shannon, and Simpson, calcu-
lated using mothur (Schloss et al., 2009) (v1.31.2).

Statistics

The performance data were analyzed using a 1-way
ANOVA (SPSS Statistics 25, IBM). The significance
was declared at P < 0.05, and comparisons were sepa-
rated by Tukey’s test. ANOVA procedure of XLSTAT
was used for data analysis of gene expression and alpha
diversity (followed by a multiple comparison procedure
using Dunett’s test). Chi-square test was used for data
analysis of microbiome relative abundance. Similarly,
significance was declared at P < 0.05 among groups.

RESULTS

Growth Performance

Necrotic enteritis—related mortality was less than 2%
of the flock, suggesting a mild pathogenic challenge,
thus reflecting subclinical NE for the majority of the
birds. Parameters of growth performance are shown in
Table 3. During day 0-16, birds in the CtrINE treatment
showed 27% reduction (P < 0.001) of BW gain (BWG),
suppressed (P < 0.001) feed intake by about 19%, lead-
ing to a 11% increased FCR compared with the birds in
CtrINC. In the challenged birds, antibiotic supplementa-
tion in the feed (AntNE) alleviated NE challenge effect
by 16% BWG increase and 4% FCR decrease over the
CtrINE during day 0-16. Despite a 5% numerical in-
crease of BWG with the use of probiotic-supplemented
feed, ProNE birds did not show BWG difference from
the CtrINE birds statistically. However, ProNE birds
showed significantly higher feed intake in the treatment
than CtrINE birds during day 0-16, and no was differ-
ence shown for FCR between these 2 groups.

During day 0-35, NE challenge—induced performance
suppression remained in all parameters, as shown by
poorer performance in CtrINE compared with those in
CtrINC. Necrotic enteritis challenge with antibiotics
enabled a 9% increase of BWG (P < 0.001) and lower
(P < 0.001) FCR compared with CtrINE. The ProNE
treatment enabled a significantly higher (P < 0.001)
BWG (4% improvement) than the CtrINE birds.

Necrotic Enteritis Lesions

Overall, low levels of lesion scores were observed in the
all the birds in the challenged groups indicating a mild
challenge and subclinical disease. At the duodenum
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Table 3. The birds BW gain (BWG), feed intake (FI), and feed conversion ratio (FCR) in

response to the treatments.

Treatment CtrINC CtrINE ProNE AntNE P value SEM
Day 0-16
BWG 624° 454° 476° 525" 0.001 9.8
FI 732% 591° 626" 660" 0.001 11.7
FCR 1.172° 1.302% 1.317* 1.256" 0.001 0.012
Day 0-35
BWG 2,529” 2,2314 2,315° 2,425° 0.001 26.1
FI 3,498 3,232° 3,365" 3,453%" 0.001 39.0
FCR 1.384¢ 1.449* 1.454 1.424" 0.001 0.008
Day 16-35
BWG 1,905" 1,777° 1,839 1,899* 0.003 33.5
FI 2,766 2,642° 2,738 2,793 0.038 50.5
FCR 1.453 1.487 1.489 1.471 0.105 0.016

*“Means within a row lacking a common superscript differ as per the corresponding P value

(column P).

level, there was almost no lesion, and this was true for all
treatments. At the jejunum level, NE-related lesions
were recorded higher in challenged animal, compared
with non-challenged animals, and were significantly
(P < 0.05) higher in CtrINE treatment than that of
the CtrINC treatment (Table 4). However, the magni-
tude of NE-related lesions was not relieved with the anti-
biotic (AntNE) or the probiotic treatment (ProNE)
where the lesion did not differ from nonchallenged birds
(CtrINC) either. Surprisingly, no difference was recorded
between the control groups in the ileal necropsy. Howev-
er, the ProNE-treated birds showed a significantly
higher lesion score than the rest of the groups, despite
the overall low level of lesion for all the groups.

Expression of Genes Coding Proteins
Related to Gut Integrity and Immunity in the
Jejunum

As the intestine is the first defense system of the an-
imals, the examination of intestinal responses of the
host to enteric diseases such as NE provides vital infor-
mation about the severity of infection. The jejunum
represents a major part of the small intestine, and the

Table 4. Measurement of macro lesion related to necrotic enteritis
in the small intestine.’

Treatment Duodenum Jejunum Tleum
CtrINC 0.0 0.0° 0.0°
CtrINE 0.1 1.0* 0.1°
ProNE 0.0 0.7%P 0.7*
AntNE 0.1 0.5™" 0.3
SEM 0.1 0.3 0.2
P value 0.582 0.032 0.006

#“Means within a column lacking a common superscript differ as per the
corresponding P value indicated in the P value row.

Abbreviations: AntNE, necrotic enteritis challenge with antibiotic
supplementation; CtrINC, control diet without necrotic enteritis challenge;
CtrINE, control diet with necrotic enteritis challenge;ProNE, necrotic
enteritis challenge with probiotic supplementation.

!Intestinal lesion score was determined using a 0 to 4 lesion scoring
criteria reported by Prescott (1979). Score 0, no gross changes in intestine;
1, thin-walled or friable mucosal layers; 2, for focal necrosis or ulcerations;
3, obvious necrosis in large patches along the intestine; 4, severe necrosis
with resemblance to a typical field cases of necrotic enteritis.

nutrient absorption such as the absorption of carbohy-
drates and proteins occurs largely in the jejunum.
Therefore, the jejunum was chosen for the analysis of
gene expression. The localized immune response in the
jejunum was stimulated by NE challenge at day 16 as
shown by the change in the expression of a cytokine-
coding gene (Table 5). The genes IL6 and IL7 were
downregulated by NE challenge relative to nonchal-
lenged birds (CtrINC), whereas the gene interferon
gamma was upregulated. The ProNE treatment upre-
gulated the expression of IL-12B, interferon gamma,
TGF-48 genes when compared with the CtrINE treat-
ment. Addition of antibiotic (AntNE) did not alter
the expression of the cytokine-coding gene, except for
1L 18 that was upregulated by the antibiotic supplemen-
tation compared with that of the CtrINE group.

The expression of Ig gene IgM in the jejunum
decreased (P < 0.001) when animals were challenged
(CtrINE) compared with the nonchallenged group
(CtrINC) (Table 6). Both probiotic and antibiotic sup-
plementation did not show effect for IgM gene expression
compared with the CtrINE (P > 0.05). IgA and IgG did
not show changes in response to the treatments
statistically.

The expression of tight junction genes, namely
CLDN5, OCLD and TJP1, was downregulated
(P < 0.001, 0.001 and 0.05, respectively) by NE chal-
lenge compared with CtrINC (Table 7). On the other
hand, probiotic treatments showed upregulated
CLDN$ gene compared with antibiotic treatment, while
no difference was observed between probiotic treatments
(ProNE) and challenged control (CtrNE). For OCLD
and TJP1 genes, no differences were observed between
antibiotic and probiotic treatments of the birds
(P> 0.05). Interestingly, there was no effect of the chal-
lenge on the expression of CLDN1 and JAM2 (P > 0.05),
but probiotic treatment significantly upregulated the
expression of these 2 tight junction genes compared
with the other 3 groups (P < 0.05).

For Toll-like receptor (TLR) genes, the NE challenge
(CtrINE) did not affect TLR5 gene expression compared
with the nonchallenge group (CtrINC) (P > 0.05), but
probiotic supplementation upregulated this gene
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Table 5. Expression of cytokine genes in the jejunum.’

Treatments 1L2 1L6 IL7 IL12-b 1L18 Interferon gamma  TGF-4p
CtrINC 1.720" 2.395" 2.466" 0.260°  1.158™" 0.264° 0.852"
CtrINE 1.236™P 0.692° 0.870° 1.207°  0.823" 1.348" 0.828>
ProNE 0.836" 0.735" 0.721° 3.873*  0.925" 2.211° 1.959"
AntNE 0.762" 0.964" 0.799" 1.227°  1.389* 1.450° 0.846"
P value 0.007 <0.001 <0.001 <0.001 0.049 <0.001 0.004

““Means within a column lacking a common superscript differ as per the corresponding P value indicated

in the P value row.

Abbreviations: AntNE, necrotic enteritis challenge with antibiotic supplementation; CtrINC, control diet
without necrotic enteritis challenge; CtrINE, control diet with necrotic enteritis challenge;ProNE, necrotic

enteritis challenge with probiotic supplementation.

1 . . . . ..
Expression levels of the genes were expressed in means of normalized relative quantities genes.

compared with other groups (P < 0.05). The expression
of TLR21 gene was downregulated by NE challenge
regardless of additive supplementations, while probiotic
supplementation (ProNE) upregulated its expression
compared with NE challenge control (CtrINE) and anti-
biotic (AntNE) groups (P < 0.001) (Table 8).

Microbiota Dynamics

Microbiota of the cecum content of day 16 was
analyzed by 16S sequencing. Alpha diversity quantifica-
tion by richness (total number of observed species and
Chaol index) and by calculation of Shannon and Simp-
son indexes, which relates both species richness and
evenness, is shown in Figure 1A-D. Analysis of the total
number of observed species and Chaol index revealed
that CtrINC had the highest richness of all groups
(P < 0.05). Similarly, CtrINC also presented by analyses
of Shannon and Simpson indexes the highest diversity of
all groups (P < 0.05). Richness was the same in all the
challenged groups (CtrINE, ProNE, and AntNE), as
shown by the Chaol index (Figure 1B). In terms of mi-
crobial diversity, antibiotic treatment increased signifi-
cantly the Shannon index (P < 0.05) and reduced the
Simpson index (P < 0.05) when compared with CrtINE.
Even if the increase was not significant P > 0.05),
ProNE showed also a numerical higher diversity, esti-
mated by Shannon and Simpson indexes, than the
CtrINE group. Principal component analysis of OTU
abundance revealed that ProNE and AntNE grouped
closely while distinctly from the CtrINC and CtrINE

Table 6. Expression of Ig genes in the jejunum.’

Treatments IgA IgG IgM
CtrINC 2.78 1.976 1.910*
CtrINE 1.605 1.915 0.692"
ProNE 2.277 1.277 0.897"
AntNE 0.48 0.885 1.169"
P value 0.056 0.077 <0.001

*“Means within a row lacking a common superscript differ as per the
corresponding P value.

Abbreviations: AntNE, necrotic enteritis challenge with antibiotic
supplementation; CtrINC, control diet without necrotic enteritis challenge;
CtrINE, control diet with necrotic enteritis challenge;ProNE, necrotic
enteritis challenge with probiotic supplementation.

'Expression levels of the genes were expressed in means of normalized
relative quantities genes.

which were grouped separately, indicating the similarity
of OTU between the ProNE and AntNE birds that were
however different from both CtrINC and CtrINE birds
(Figure 1E). The Venn diagram was used to show the
number of common/unique OTU in the groups
(Figure 1F). The core microbiomes of different environ-
ments could be obtained if combined with the OTU rep-
resenting species level. As a result, there were eight
OTU, each shared between CtrINC and ProNE and be-
tween CtrINC and CtrINE, four between CtrINC and
AntNE, while only 2 between ProNE and CtrINE, and
1 each between AntNE and CtrINE, and between
AntNE and ProNE.

Microbiota of the cecal content were also analyzed in
term of relative abundance at the genus level (Figure
1G). Necrotic enteritis challenge exhibited an increase of
Proteobacteria and Bacteroidetes in addition to a decrease
of Firmicutes leading to a decrease of Firmicutes-to-
Bacteroidetes ratio (4.5 and 1.5 for CtrINC and CtrINE,
respectively). The Firmicutes-to-Bacteroidetes ratio
increased considerably to reach 12.0 and 43.8 in ProNE
and AntNE, respectively. This difference with the chal-
lenged animals (CtrINE) was driven by a very important
decrease of the Bacteroidetes population. The main bacte-
rial known genera increased by the challenge, arbitrarily
determined as significant difference higher than 2 points
between CtrINC and CtrINE, were as follows: Ruminococ-
cus (from 2.4 t0 6.4%, P < 0.001), Lactobacillus (from 0.9
to 4.9%, P < 0.001), Bacteroides (from 16.6 to 33.7%,
P < 0.001), Escherichia (from 2.0 to 14.4%, P < 0.001)
(Figure 1H, Table 9). Other genera also increased but
the extent of the change was not very high (less than
2 points between CtrINC and CtrINE). Faecalibacterium
and Oscillospira were the 2 genera that were the most
decreased (from 16.2 to 10.2% and 14.5 to 6.0%,
respectively).

Administration of probiotics to challenge animals led
to the changes in the microbiota; 3 main genera were
increased: Faecalibacterium (from 10.2 to 23.6%,
P < 0.001), Oscillospira (from 6.0 to 9.8%, P < 0.001),
Escherichia (from 14.4 to 25.9%, P < 0.001), whereas
Lactobacillus and Bacteroides were decreased (from 4.9
to 2.6% and from 33.7 to 0.3%, respectively). In the an-
imals receiving antibiotics, there were also changes at
the microbiota level, the main ones were the same than
those observed with the probiotic treatment. Only
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Table 7. Expression of tight junction gene in the jejunum.’

Treatments CLDN1 CLDN5 OCLD JAM2 TJP1
CtrINC 0.059" 1.270% 1.571" 0.837°  1.212"
CtrINE 0.906" 1.033" 1.035" 0.894>  0.782"
ProNE 2.423* 1.037" 0.974" 1.446*  1.102*"
AntNE 0.962" 0.639° 0.715" 0.998"  0.939*P
P value <0.001 <0.001 <0.001 <0.001 0.027

#“Means within a column lacking a common superscript differ as per the
corresponding P value indicated in the P value row.

Abbreviations: AntNE, necrotic enteritis challenge with antibiotic
supplementation; CtrINC, control diet without necrotic enteritis challenge;
CtrINE, control diet with necrotic enteritis challenge;ProNE, necrotic
enteritis challenge with probiotic supplementation.

'Expression levels of the genes were expressed in means of normalized
relative quantities genes.

differences were that in the case of antibiotic treatment,
there was an additional decrease in Ruminococcus.

DISCUSSION

The present study demonstrated that successful sub-
clinical NE challenge was made as shown by the signifi-
cantly worsened performance and intestinal necrosis but
with very low mortality. The poorer performance of the
challenged birds shown from day 16 to 35 suggests a last-
ing impact of the subclinical NE. As has been reported
that subclinical NE has been associated with severe eco-
nomic loss due to high FI and less weight gain, thus low
feed efficiency (Skinner et al., 2010). Therefore, the use
of feed additives to combat subclinical NE has been
explored for year to reduce such economic loss.

It has been reported that NE challenge can shift the
microbiota in the small intestine (Stanley et al., 2014;
Hernandez-Patlan et al., 2019). Such microbiota shifts
may suggest that the intestinal microbiota may modu-
late immune responses of the host and thus play a critical
role in NE infection (Antonissen et al., 2016). In the pre-
sent study, alpha diversity revealed decreased micro-
biota diversity after the challenge compared with the
nonchallenged treatment, and microbiota of cecal con-
tent analysis in term of relative abundance at genus level
showed that NE challenge led to distinct bacterial abun-
dance from nonchallenged birds. These results are in
agreement with the previous observations that NE shifts
the microbiota in the intestine of chickens. Furthermore,

Table 8. Expression of Toll-like receptor genes in the jejunum.’

Treatments TLR5 TLR21
CtrINC 0.865" 1.543"
CtrINE 0.794" 0.747°
ProNE 1.285" 1.113"
AntNE 0.961" 0.773¢
P value 0.013 <0.001

#“Means within a column lacking a common superscript differ as per the
corresponding P value indicated in the P value row.

Abbreviations: AntNE, necrotic enteritis challenge with antibiotic
supplementation; CtrINC, control diet without necrotic enteritis challenge;
CtrINE, control diet with necrotic enteritis challenge;ProNE, necrotic
enteritis challenge with probiotic supplementation.

'Expression levels of the genes were expressed in means of normalized
relative quantities genes.

it has been shown that the supplementation of probiotics
to the chickens modulates the microbiota balance in the
intestine, which reduces bacterial groups prone to be in-
flammatory inducer and increased bacterial groups that
may be of those beneficial to the hosts (Hernandez-
Patlan et al., 2019). In the present study, both alpha di-
versity and microbiota relative abundance analyses indi-
cated that probiotic treatment resulted in similar
bacterial diversity to that in antibiotic-treated birds,
while distinct from both challenged and nonchallenged
controls. This may be indicative of a similar effect of pro-
biotic to antibiotics to the birds at least from the micro-
biota point of view. In this study, it was shown that a
decrease in Faecalibacterium abundance was observed
in the NE-challenged control group. Interestingly, there
was a favorable proliferation of Butyricicoccus and Fae-
calibacterium genera with the supplementation of probi-
otics and antibiotics to the birds, which suggests their
beneficial effect to reverse the NE challenge effect to-
ward the “nonchallenged” microbiota. As the probiotic
treatment had a significant impact on the dynamics of
the intestinal microbiota, this might explain weight
gain improvements in the ProNE compared with the
CtrINE birds. Eeckhaut et al. (2016) reported that sig-
nificant growth performance improvements were
achieved in broilers receiving dietary supplements of
Butyricicoccus pullicaecorum under the NE challenge
condition. In addition, butyric acid produced by Butyr-
icicoccus has been reported to inhibit pathogenic bacte-
ria such as C. perfringens and Salmonella in broiler
chickens (Van Immerseel et al., 2005; Timbermont
et al., 2010). Therefore, the findings in the present study
that the increased Butyricicoccus and Faecalibacterium
abundance that associates with the performance
improvement by the antibiotic and probiotic treatments
confirmed the beneficial effects of these butyrate-
producing bacteria in the intestine of the chickens.

The Bs 29,784 supplementation affected the expres-
sion of genes involved in intestinal immunity and tight
junction complexes. In the present study, the probiotic
supplementation upregulated the expression of inter-
feron gamma gene, which is known to be the key effector
of the cell-mediated immunity. The protein interferon
gamma is reported to activate and increase antimicro-
bial activity of macrophages and induce autophagy
which is an antimicrobial response of the host (Singh
et al., 2006; Li et al., 2012). The interferon gamma cyto-
kines mainly facilitate cellular immunity against intra-
cellular bacteria by stimulating cellular mechanisms
that produce phagocyte-dependent inflammation (del
Carmen Rodriguez-Sainz et al., 2002). B. subtilis has
been previously reported to activate immune responses
and regulate innate immunity in chickens (Lee et al.,
2015). Furthermore, the addition of Bs 29,784 also
increased the expression of ILI12-8 and transforming
growth factor-p4 in present study. The IL12 family pro-
teins are known to be proinflammatory cytokines that
generate T cells and develop adaptive immunity charac-
terized by the induction of interferon gamma protein
(Gee et al., 2009). Twardzik et al. (1990) has previously
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Figure 1. Microbiota diversity in samples from cecal content of 16-day-old broilers from CtrINC, CtrINE, ProNE, and AntNE groups. (A-D).,
alpha diversity: CtrINC (blue), CtrINE (orange), ProNE (green), and AntNE (yellow) box plots showing alpha diversity in samples using the Observed
Species index, Chaol, Shannon, and the Simpson indexes. * and ** mean significant difference (P < 0.05 and P < 0.01, respectively) between the
groups. (E, F) Principal Component Analysis (PCA): OTU abundance and Venn diagram, respectively; PCA of OTU abundance indicates that
ProNE and AntNE are grouped closely, while both distinctly from the CtrINC and CtrINE. CtrINC and CtrINE were grouped separately; Venn di-
agram analysis shows the number of common/unique OTU in the groups. (G, H) Microbiota in the relative abundance at phylum and family levels,
respectively. Abbreviations: AntNE, necrotic enteritis challenge with antibiotic supplementation; CtrINC, control diet without necrotic enteritis chal-
lenge; CtrINE, control diet with necrotic enteritis challenge;ProNE, necrotic enteritis challenge with probiotic supplementation.

concluded that interferon gamma can enhance release of
mononuclear phagocytes of transforming growth factor-
B which are generally known as anti-inflammatory cyto-
kines. Our results are in agreement with these reports,
and the higher expression of INF-y along with IL-12
and transforming growth factor-f may suggest higher
stimulated defense mechanisms activated by Bs 29,784.

Furthermore, downregulation of TLR21 in the jejunal
tissues during the NE condition was also observed in the
present study, while probiotic supplementation upregu-
lated the expression of TLR21 in the post-NE challenge
of the chickens. Toll-like receptors are a member of the
Pattern Recognition Receptor system family (Akira,
2004) which can detect molecular structures known as
pathogen-associated molecular patterns, such as lipo-
polysaccharides, peptidoglycans, flagellin, and bacterial
DNA that are shared by many pathogens (Medzhitov
and Janeway, 2000). The TLR play a key role in innate
immunity by recognizing the pathogen-associated mo-
lecular patterns and inducing inflammatory responses
by the production of reactive oxygen and nitrogen inter-
mediates and inflammatory cytokines (Werling and
Jungi, 2003). The TLR21 in chicken is reported to act
as a homologue to TLRY in mammals which can recog-
nize microbial DNA and initiate innate and adaptive im-
mune responses (Brownlie et al., 2009). Previous studies
have reported that supplementation of Lactobacillus and
Bacillus probiotics in diets can elevate the expression of
TLR21 gene in laying hen blood (Sheoran et al., 2017).
On the other hand, TLR5 is important in host defense
against bacteria, and bacterial flagellin is reported to

be a natural ligand for TLR5 (Hayashi et al., 2001).
Because B. subtilis is a flagellated bacterium, it may
result in the activation of TLRS expression; however,
there are studies that disagree on the ability of B. subtil-
lis to activate this gene (Kojima et al., 2008; Im et al.,
2009). Further study is warranted to investigate the
functions underling the upregulation of TLR5. The upre-
gulated expression of TLR21 and TLR5 with the supple-
mentation of Bs 29,784 may lead to the conclusion that
this probiotic can possibly benefit the chickens by the in-
crease resistance against NE infection.

Moreover, the present study shows upregulation of the
junctional adhesion 2 (JAMZ2) expression in birds fed
with Bs 29,784. The JAM proteins are expressed by
different cell types including epithelium, endothelium,
and immune cells (Williams et al., 1999) and along
with occludins and claudins contribute to the tight junc-
tion complex (Mitic and Anderson, 1998). The JAM pro-
teins are glycoproteins that belong to the Ig superfamily
(Williams and Barclay, 1988), and JAM2 is widely
expressed in the endothelial and lymphatic cells
(Aurrand-Lions et al., 2001). Johnson-Léger et al.
(2002) reported that JAM2 is involved in transmigration
of lymphocytes which occurs at sites of inflammation.
Upregulation of JAM2 has been previously reported by
Bacillus supplementation in broiler feed (Gadde et al.,
2017), which are in line with the results observed in
the present study. It can be concluded that the supple-
mentation of Bs 29,784 may improve intestinal immu-
nity responses, thus, positively affecting the tight
junction complex in the current NE infection model.



Table 9. Microflora of cecal content in the relative abundance at the genus level.

Phylum Firmicutes

Family Clostridiales; other Clostridiaceae Ruminococcaceae Lachnospiraceae Lactobacillaceae
Genus Clostridiales; Other  Butyricicoccus — Faecalibacterium — Oscillospira  Ruminococcus — Ruminococcus 2 Other Coprococcus Dorea Blautia Other Lactobacillus
CtrINC 17.3% 0.8%" 16.2%" 14.5%° 2.4%" 1.9%¢ 7.6%" 0.6%" 0.7%" 0.4%" 9.8%" 0.9%"
CtrINE 6.6%" 0.5%" 10.2%" 6.0%" 6.4%" 0.9%" 3.0%" 1.2%" 0.9%"  0.3%" 7.3%" 4.9%
ProNE 6.3%" 1.3%° 23.6%° 9.8%" 4.6%° 1.1%" 4.5%" 2.3%° 1.0%° 0.7%° 5.1%" 2.6%"
AntNE 8.7%¢ L.7%¢ 23.3%° 17.1% 3.1%" 2.1% 5.8%¢ 2.3%¢ 0.7%"  0.6%"  9.3%° 2.9%¢

P value (Khi2) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001  <0.001  <0.001 <0.001
Phylum Bacteroidetes Proteobacteria Cyanobacteria Tenericutes
Family Bacteroidaceae Rikenellaceae Enterobacteriaceae Cyanobacteria; other Mollicutes; RF39; other
Genus Bacteroides Other Escherichia Proteus Other Other Mollicutes; RF39; Other;
CtrINC 16.6%° 0.1%" 2.0%" 0.0%" 0.1%" 3.0%¢ 2.7%

CtrINE 33.7% 0.0%" 14.4%" 0.1%° 1.3%° 0.1%" 0.8%°

ProNE 0.3%" 5.2%° 25.9%" 0.6% 1.8% 0.5%" 0.6%"

AntNE 1.8%" 0.0%" 17.5%° 0.0%" 0.8%" 0.1%* 0.4%"

P value (Khi2) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

#“Means within a column lacking a common superscript differ as per the corresponding P value indicated in the P value row.

Abbreviations: AntNE, necrotic enteritis challenge with antibiotic supplementation; CtrINC, control diet without necrotic enteritis challenge; CtrINE, control diet with necrotic enteritis challenge;ProNE,
necrotic enteritis challenge with probiotic supplementation.
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Lactobacillus has been considered beneficial bacteria
(Penders et al., 2006; Inoguci et al., 2012), thus higher
abundance of Lactobacillus may indicate a more healthy
gut. However, it may not always be the case. For
example, NE-challenged chickens showed increased
abundance of Lactobacillus (M’Sadeq et al., 2015;
Gharib-Naseri et al., 2019). Therefore, the higher Lacto-
bacillus does not necessarily always present in a healthy
gut. Likewise, the beneficial additives might not always
increase the abundance of Lactobacillus as shown in
the present study. As Lactobacillus is composed of
many different species and strains/genotypes, the abun-
dance of the genus may not be critical as an indication of
the health status of the gut. On the other hand, its indi-
vidual members as species or even strains of the species
may be more important in gut health. Similarly, the
principle applies to other bacterial groups such as
Escherichia and Enterobacteriaceae. Nonetheless, bac-
terial diversity and balance are more important for gut
health than the abundance of some bacterial groups.
Therefore, without in-depth understanding of the func-
tionality of particular species and/or strains of the bac-
teria, it is not like to consider any bacterial population
as a reliable biomarker for healthy gut. Further studies
are warranted to elucidate the microbiota balance and
changes in response to the gut health status.

In summary, experimentally induced NE in the meat
chicken had suppressed the growth performance and dis-
rupted the balance in the intestinal microbiota. Necrotic
enteritis—affected flocks even with a moderate-mortality
display could still sustain significant performance loss
consistently carried up to the market age. Direct feeding
of Bs 29,784 yielded a significant BWG to the chicken
under the NE condition. An abundance of butyric-
producing cecal commensals increased in the Bs
29,784—supplemented birds; however, the treatment
also encouraged abundance of Escherichia and Entero-
bacteriaceae. The current analysis however suggests
that clustering of principal component analysis and
abundance of identified bacterial genus in the B. subtilis
treatment shared similarity with antibiotic treatment.
The benefit of Bs 29,784 may also be categorized in the
regulatory effect on the tight junction gene expression
and immune responses in a positive manner. Direct
feeding of B. subtilis could be beneficial to NE-affected
flocks as the current findings, but further investigation
might be needed to deeper explain its mode of action.
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