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ABSTRACT Necrotic enteritis (NE) caused by
Clostridium perfringens is among the most important
enteric diseases in poultry production. This study
examined the effects of 2 probiotics (Prob) and a
synbiotic (Synb) during a naturally occurring NE
challenge. On the day of hatch, 1200 Cobb male
broilers were randomly allocated to 5 groups (8 pens/
treatment, 30 birds/pen) including 1) negative con-
trol (NC): corn-soybean meal diet; 2) positive control
(PC): NC 1 453 g Stafac20/907 kg feed; 3) Prob 1:
NC 1 453 g Prob 1/907 kg feed; 4) Prob 2:
NC 1 453 g Prob 2/907 kg feed; and 5) Synb:
NC 1 453 g Synb/907 kg feed. One day after place-
ment, birds were challenged by a coccidia vaccine to
induce NE. Feed intake and body weights were
measured on day 8 (NE onset) and end of starter (day
14) and grower (28) periods. On day 8, the small in-
testines of 3 birds/pen were examined for NE lesions.
Ileal mucosal scrapings from one bird/pen were
collected on day 8 and day 28 to profile the micro-
biota using 16S rRNA sequencing. Data were
analyzed in JMP or QIIME 2 and significance be-
tween treatments identified by LSD or linear
discriminant analysis effect size (P , 0.05). The Synb
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group significantly lowered NE lesion scores on day 8
and reduced day 0-14 mortality by 50% compared
with NC. FCR was significantly better in all the
groups, whereas ADG was higher in PC, Synb, and
Prob 2 groups compared with NC from day 0 to day
28. Lower lesion scores in the Synb group were
accompanied by lower relative abundance of Alistipes,
ASF356, Faecalibaculum, Lachnospiraceae UCG-001,
Muribaculum, Oscillibacter, Parabacteroides, Rike-
nellaceae RC9 gut group, Ruminococcaceae UCG-
014, and Ruminiclostridium 9 compared with NC on
day 8. On day 28, relative abundance of Lactobacillus
was lower, whereas abundance of Bacteroides, Bar-
nesiella, Butyricicoccus, CHKCI001, Eisenbergiella,
Eubacterium hallii group, Helicobacter, Rumino-
coccaceae UCG-005, Ruminococcus torques group,
and Sellimonas was significantly higher in the NC
birds than in the Synb and Prob 2 groups. Collec-
tively, these data indicate that during a subclinical
naturally occurring NE, supplementation of specific
additives could be effective in reducing intestinal le-
sions and mortality, and improving performance
potentially through developing a signature microbial
profile in the intestinal mucosal layer.
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INTRODUCTION

Necrotic enteritis (NE) caused byClostridium perfrin-
gens is among the most important enteric diseases in
poultry production (Smith, 2011; Gaucher et al.,
2015). Compared with clinical forms, the negative effects
on birds’ performance and flock productivity manifested
by subclinical NE are more prevalent (Shojadoost et al.,
2012; Antonissen et al., 2016). Changes in microbial di-
versity and population could make the gut environment
suitable for proliferation or pathogenesis of bacteria such
as C. perfringens. Predisposing factors such as Eimeria
and fishmeal would lead to disturbances in the micro-
biota providing a favorable ecological environment or
nutrients that allows the proliferation of C. perfringens
(Shojadoost et al., 2012; Antonissen et al., 2016). The
use of antibiotic growth promoters (AGPs) has been
an effective tool in maintaining gut health andmodifying
gut microbiota, thus improving bird performance and
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reducing incidence of enteric diseases (Danzeisen et al.,
2011; Yadav and Jha, 2019). However, AGP removal
has led to an increase in NE occurrence, especially the
subclinical form (Smith, 2011; Gaucher et al., 2015).

The interaction between gut microbiota and the
host is critical for the development and health of
the gut (Gerritsen et al., 2011; Kau et al., 2011);
thus, one of the additive groups that has been tested
for their efficacy as alternatives to AGP are probiotics
(Caly et al., 2015). Supplementation of probiotics pro-
motes gut health and performance by reducing the
number of pathogens in the gastrointestinal tract
through competitive exclusion or production of anti-
microbial peptides, thus improving intestinal matura-
tion and integrity, as well as modifying immune
responses (Lan et al., 2005; M’Sadeq et al., 2015).
Supplementation of a probiotic (Lactobacillus johnso-
nii BS15) alleviated the negative impact of subclinical
NE and increased the expression of interleukin (IL)-8,
while decreased that of interferon (IFN)-g and IL-10
in the ileum with no impact on IL-2 (Wang et al.,
2017). A Lactobacillus acidophilus–based probiotic
improved intestinal health by decreasing the relative
abundance of Escherichia-Shigella in the ileum (Li
et al., 2017). The probiotic bacteria Bacillus subtilis
DSM 32315 increased average body weight, ADG,
and the abundance of Firmicutes, while reduced the
abundance of Bacteroidetes in the ceca of broiler
chickens (Ma et al., 2018). Furthermore, this probiotic
reduced the abundance of potentially harmful bacteria
including Vampirovibrio, Escherichia-Shigella, and
Parabacteroides (Ma et al., 2018). During a subclini-
cal NE trial, supplementation of a probiotic (L. john-
sonii BS15) improved FCR and body weight gain
compared with the challenged control group (Wang
et al., 2017).

Despite several reports, there has not been much
emphasis on multicomponent additives or comparison
of these additives with probiotics as alternatives to
AGP, particularly during NE challenge. In a recent
study, supplementation of a multicomponent additive
had no effect on NE lesions in the small intestine of
broiler chickens, but improved FCR during the starter
and grower periods (Calik et al., 2019). This study was
conducted to evaluate and compare the effects of a syn-
biotic (Synb) with 2 probiotics (Prob) on performance,
pathology, and ileal mucosa microbial profiles during a
naturally occurring NE challenge model.
MATERIALS AND METHODS

Birds, Housing, and Diets

A total of 1,200 day-old Cobb male broiler chickens
were acquired from a local hatchery. Before placement,
birds were weighed in groups of 30 chicks and allocated
to one of 40 floor pens with dimensions 1.2 ! 1.2 m for
the first 14 days and 1.2 ! 2.4 m from day 15 to day
28. Birds were assigned to the 5 dietary treatments (8
pens/treatment) as follows:
1) Negative control (NC): corn-soybean meal basal diet;
2) Positive control (PC): NC1 20 g virginiamycin (453 g

Stafac20)/907 kg feed;
3) Prob 1: NC 1 453 g Prob 1/907 kg feed;
4) Prob 2: NC 1 453 g Prob 2/907 kg feed;
5) Synb: NC 1 453 g Synb/907 kg feed.

Prob 1 mainly consisted of B. subtilis DSM17299,
whereas Prob 2 consisted ofB. subtilisC-3102. Synb con-
sisted of dried fermentation product of Enterococcus
faecium, Pediococcus acidilactici, Bifidobacterium ani-
malis, Lactobacillus reuteri, and fructooligosaccharides
as a prebiotic source. All animal protocols were approved
and conducted under the guidelines of the Virginia Tech
Institutional Animal Care and Use Committee (IACUC
# 18-136).
The composition of the basal diet is detailed in

Table 1. All the diets were prepared at the Virginia
Tech feed mill and subsequently crumbled (starter
period) or pelleted (grower period). Each pen was
equipped with a bucket-type feeder and a nipple
drinker line with fresh wood shavings as litter
(7.5 cm deep). Birds had ad libitum access to water
and feed from placement (day 0) until the end of the
study (day 28). Lighting schedule was 24 h light for
the first 3 days, reduced to 23 h light:1 h dark for
day 4 to 7, and reduced further to 18 h light:6 h
dark thereafter. An automatic ventilation system was
used to control the environment, and temperature
was maintained as follows: 32�C for the first 3 days,
then gradually reduced approximately 3�C each week
until it reached 23�C at the start of week 4 where it
remained constant until day 28.
Necrotic Enteritis Challenge

To simulate field conditions, a unique, naturally occur-
ring model developed by our laboratory was applied to
induce subclinical NE (Calik et al., 2019; Emami et al.,
2019, 2020) using a concentrated dose of a commercial
coccidiosis vaccine. Briefly, this model consists of spray-
ing a high dose (10 X) of commercial coccidiosis vaccine
24 h after bird placement, which in conjunction with
the presence ofC. perfringens spores in the barn environ-
ment leads to the development of a NE outbreak around
1 wk after vaccine application. For this trial, the
Coccivac-B52 vaccine (containing live oocysts ofEimeria
acervulina, Eimeria maxima, E. maxima MFP, Eimeria
mivati, and Eimeria tenella; Merck Animal Health) was
prepared at the proper concentration in the laboratory,
kept on ice, and applied at the farm.
Mortality

Starting at placement, birds were monitored twice
daily. For each dead bird, date, body weight, and cause
of death were recorded. This procedure continued
throughout the study (up to day 28) to record mortal-
ity/treatment for each period thus allowing for adjusting
performance parameters for daily mortality.



Table 1. Composition of basal diets (as fed basis, %)1.

Ingredients (%)

Period (Days)

Starter (0–14) Crumble Grower (15–28) Pellet

Corn (7.81% CP) 59.53 64.12
Soybean meal (48% CP) 33.5 28.80
Soybean oil (9,000 kcal/kg) 2.18 2.60
Dicalcium phosphate (18.5% P, 22% Ca) 2.05 1.92
Calcium carbonate (37% Calcium) 1.11 1.00
Sodium chloride 0.30 0.30
Sodium bicarbonate 0.07 0.07
DL-Methionine (990 g/kg)2 0.38 0.34
L-Lysine hydrochloride (788g L-Lysine/kg)3 0.37 0.35
L-Threonine (985 g/kg)4 0.15 0.14
Vitamin/trace mineral premix5 0.36 0.36
Calculated analysis (% unless specified)
ME (kCal/kg) 3,007 3,087
Crude protein 21.81 19.90
Total phosphorus 0.76 0.71
Available phosphorus 0.45 0.42
Calcium 0.90 0.84
Chlorine 0.33 0.33
Sodium 0.16 0.16
Potassium 0.85 0.77
Methionine 0.67 0.61
Methionine 1 cysteine 0.98 0.89
Lysine 1.32 1.19
Threonine 0.86 0.78
Linoleic acid 1.44 1.52
Dietary cation-anion balance 194 174

1Treatments include negative control (NC): corn-soybean meal basal diet; positive control (PC):
NC1 20 g virginiamycin (453 g Stafac20)/907 kg diet; probiotic 1 (Prob 1): NC1 453 g Bacillus subtilis
DSM17299/907 kg diet; probiotic 2 (Prob 2): NC1 453 g Bacillus subtilis C-3102/907 kg diet; synbiotic
(Synb): NC 1 453 g dried fermentation product of Enterococcus faecium, Pediococcus acidilactici,
Bifidobacterium animalis, Lactobacillus reuteri, and fructooligosaccharides/907 kg diet.

2Rhodimet NP9, ADISSEO, GA, USA.
3L-Lysine HCl, AJINOMOTO HEARTLAND, INC. Eddyville, IA, USA.
4FENCHEM Ingredient Technology, Nanjing, China.
5Vitamins supplied per kg diet: retinol 3.33 mg, cholecalciferol 0.1 mg, a-tocopherol acetate 23.4 mg,

vitamin K3 1.2 mg, vitamin B1 1.6 mg, vitamin B2 9.5 mg, niacin 40 mg, pantothenic acid 9.5 mg,
vitamin B6 2 mg, folic acid 1 mg, vitamin B12 0.016 mg, biotin 0.05 mg, choline 556 mg. Minerals
supplied per kg diet: Mn 144 mg, Fe 72 mg, Zn 144 mg, Cu 16.2 mg, I 2.1 mg, Se 0.22 mg.
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Lesion Scores

On day 8, 3 birds were selected based on average body
weight of each pen (24/treatment), euthanized by cervi-
cal dislocation, and the small intestines were examined
for NE lesions and scored based on a 0–4 scale system
(Prescott et al., 1978). Each section of the small intes-
tine, that is, the duodenum, jejunum, and ileum, were
scored separately by personnel blinded to the treat-
ments. The lesion scoring criteria used were as follows:

0 5 No gross lesions,
1 5 Thin-walled or friable,
2 5 Focal necrosis or ulceration,
3 5 Multifocal coalescing areas (large patches) of
necrosis,
4 5 Severe extensive necrosis.
Performance

On arrival (day 0), birds were weighed in groups of
30 and assigned to each pen. Subsequently, birds
were weighed on day 8 (7 days after the coccidiosis
challenge, which was also the peak mortality) and at
the end of starter (day 14) and grower (day 28) pe-
riods. In addition, feed consumption was also recorded
on a per pen basis on day 8, day 14, and day 28.
Finally, adjusted ADG, ADFI, and FCR were calcu-
lated for each period.
16S rRNA Gene Sequence, Data
Processing, and Analysis

On day 8 and day 28, one bird/pen was euthanized,
the ileum excised, mucosal scrapings collected, snap-
frozen in liquid nitrogen, and then stored at280�C until
further analysis. DNA was extracted from mucosal
scrapings using the Qiagen QIAamp PowerFecal DNA
kit (Qiagen GmbH, Hilden, Germany) based on the sup-
plier’s instructions. Quality and quantity of extracted
DNA were measured using gel electrophoresis and spec-
trophotometer. All DNA samples were diluted to
300 ng/mL and 50 mL of each sample were sent to the Vir-
ginia Tech Biocomplexity Institute for sequencing. The
V4 region of the 16S rRNA gene was amplified using
the Illumina MiSeq kit V3 (600-cycle format, 25 million
reads, read length 2 ! 300). Earth Microbiome Project
primer sets 515F (Parada et al., 2016) and 806R



Table 2. Effect of dietary probiotics (Prob) or synbiotic (Synb)
supplementation on mortality (%) of broiler chickens under a
naturally occurring subclinical necrotic enteritis challenge.

Treatments1
Time period (days)

0–8 9–14 0–14 15–28 0–28

NC 2.91 2.40a 5.00 1.00 5.83
PC 1.66 0.00b 1.66 1.44 2.91
Prob 1 4.58 0.48b 5.41 1.10 6.25
Prob 2 2.08 0.50b 2.50 1.56 3.75
Synb 1.66 0.00b 1.66 1.48 2.91
SEM 1.17 0.44 1.39 0.94 1.70
P-value 0.372 0.002 0.171 0.990 0.481

a,bIn each column, means with different letters are significantly different
(P , 0.05).

1Treatments include negative control (NC): corn-soybean meal basal
diet; positive control (PC): NC1 20 g virginiamycin (453 g Stafac20)/
907 kg diet; probiotic 1 (Prob 1): NC1 453 g Bacillus subtilisDSM17299/
907kgdiet; probiotic 2 (Prob2):NC1 453 gBacillus subtilisC-3102/907 kg
diet; synbiotic (Synb): NC 1 453 g dried fermentation product of Entero-
coccus faecium, Pediococcus acidilactici, Bifidobacterium animalis,
Lactobacillus reuteri, and fructooligosaccharides/907 kg diet.
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(Apprill et al., 2015) generating amplicons in the 390 bp
size were used.

The 16S sequencing data were analyzed as previ-
ously described (Emami et al., 2020). Briefly, data
were analyzed using quantitative insight into microbi-
al ecology (QIIME) software package 2 (Bolyen et al.,
2019) and samples for day 8 and day 28 were rarefied
to 10,891 and 36,075 sequences, respectively. a-Diver-
sity and b-diversity were measured using Shannon in-
dex and Bray-Curtis, respectively. The differences in
microbial community structure were identified by
pairwise permutational multivariate analysis of vari-
ance (PERMANOVA). Linear discriminant analysis
effect size was performed to identify the differential
taxa between the treatment groups. Functions of
microbiota were predicted using phylogenetic investi-
gation of communities by reconstruction of unob-
served states, Kyoto encyclopedia of genes and
genomes (KEGG), and statistical analysis of the taxo-
nomic and functional profiles (Parks et al., 2014;
Weber et al., 2017).
Statistical Analyses

Statistical analysis for all data (except for the micro-
biota described earlier) was performed using the
ANOVA procedure of JMP software (2014) and signifi-
cance between treatments (P , 0.05) determined by
the LSD test. The statistical model for data analysis is
outlined below:

Yij5m1Ai1eij

Yij 5 measured value for each observation (data),
m 5 grand mean,
Ai 5 treatment effect,
eij 5 experimental error.
Table 3. Effect of dietary probiotics (Prob) or synbiotic (Synb)
supplementation on intestinal lesion scores of broiler chickens
under a naturally occurring subclinical necrotic enteritis
challenge.1

Treatments2
Small intestine section

Duodenum Jejunum Ileum

NC 1.20a 0.58 0.00
PC 1.05a,b 0.38 0.02
Prob 1 1.23a 0.72 0.04
Prob 2 0.95a,b 0.45 0.00
Synb 0.75b 0.37 0.00
RESULTS

Mortality

Mortality was significantly reduced in all the groups
during the day 9 to 14 period compared with NC
(Table 2). None of the treatments significantly reduced
mortality during the overall (day 0 to 28) experimental
period. However, compared with NC (5.83%), both PC
(2.91%) and Synb (2.91%) reduced day 0 to 28 mortality
by 50% (although not statistically different due to vari-
ability among replicate pens).
SEM 0.11 0.09 0.01
P-value 0.038 0.073 0.231

a,bIn each column, means with different letters are significantly different
(P , 0.05).

1Data represent the mean value of 8 replicate pens of 3 birds/pen.
2Treatments include negative control (NC): corn-soybean meal basal

diet; positive control (PC): NC1 20 g virginiamycin (453 g Stafac20)/
907 kg diet; probiotic 1 (Prob 1): NC1 453 g Bacillus subtilisDSM17299/
907kgdiet; probiotic 2 (Prob2):NC1 453 gBacillus subtilisC-3102/907 kg
diet; synbiotic (Synb): NC 1 453 g dried fermentation product of Entero-
coccus faecium, Pediococcus acidilactici, Bifidobacterium animalis,
Lactobacillus reuteri, and fructooligosaccharides/907 kg diet.
Necrotic Enteritis Lesion Scores

Supplementation of Synb significantly reduced lesion
scores in the duodenum compared with NC (Table 3).
There was no significant difference in NE lesion scores
in the duodenum among the other treatments. In addi-
tion, there was no difference in NE lesion scores in the
jejunum and ileum among all treatments.
Performance

Performance results are presented in Table 4. ADG
was significantly higher for PC and Prob 2 during the
grower period (day 15–28) than for NC. Cumulatively
(day 0–28), Synb, Prob 2, and PC had significantly
higher ADG than NC. There was no difference in
ADFI during any of the experimental periods. During
day 0 to 8, the Synb group had the best FCR, which
was significantly lower than that of the NC birds. How-
ever, during day 9 to 14, FCR was significantly better for
PC and Prob 2 groups than for NC. During the grower
and overall experimental periods, FCR was significantly
better in all the groups than in NC.
Diversity and Composition of Ileal
Microbiota

On day 8, microbial a-diversity significantly decreased
in Prob 1 compared with the NC and Synb groups



Table 4. Effect of dietary probiotics (Prob) or synbiotic (Synb) supplementation on
broiler performance under a naturally occurring subclinical necrotic enteritis model.1

Item

Dietary treatments2 Statistics

NC PC Prob 1 Prob 2 Synb SEM P-value

Day 0–8
ADFI, g 26.87 26.46 25.34 25.98 26.56 0.40 0.091
ADG, g 21.46 21.71 20.82 21.33 22.20 0.35 0.112
FCR, g/g 1.25a 1.22a,b 1.21a,b 1.22a,b 1.20b 0.01 0.049

Day 9–14
ADFI, g 61.63 62.80 61.61 62.92 63.68 1.12 0.642
ADG, g 41.26 44.34 42.22 45.10 44.31 1.03 0.064
FCR 1.49a 1.42b,c 1.47a,b 1.40c 1.44a,b,c 0.02 0.050

Day 0–14
ADFI, g 41.53 41.85 40.48 41.61 42.28 0.65 0.406
ADG, g 30.19 31.52 30.28 31.58 31.82 0.561 0.129
FCR 1.37a 1.33b 1.34a,b 1.32b 1.33b 0.01 0.050

Day 15–28
ADFI, g 121.99 125.80 118.88 125.47 123.27 1.95 0.101
ADG, g 77.35b 85.18a 79.05b 84.22a 82.06a,b 1.79 0.017
FCR 1.58a 1.48b 1.50b 1.49b 1.50b 0.02 0.035

Day 0–28
ADFI, g 78.63 81.02 76.74 80.17 80.11 1.16 0.103
ADG, g 53.69c 58.64a 54.69b,c 57.86a 57.30a,b 1.03 0.006
FCR 1.47a 1.39b 1.41b 1.39b 1.40b 0.01 ,0.001

a-cIn each column, means with different letters are significantly different (P , 0.05).
1Data represent the mean value of 8 replicate pens of 30 birds/pen.
2Treatments include negative control (NC): corn-soybean meal basal diet; positive control (PC):

NC1 20 g virginiamycin (453 g Stafac20)/907 kg diet; probiotic 1 (Prob 1): NC 1 453 g Bacillus
subtilis DSM17299/907 kg diet; probiotic 2 (Prob 2): NC 1 453 g Bacillus subtilis C-3102/907 kg
diet; synbiotic (Synb): NC 1 453 g dried fermentation product of Enterococcus faecium, Ped-
iococcus acidilactici, Bifidobacterium animalis, Lactobacillus reuteri and fructooligosaccharides/
907 kg diet.
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(Table 5; Figure 1A). On day 28, a-diversity was signif-
icantly higher in NC than in Synb, whereas it was signif-
icantly higher in PC than in the Prob 2 and Synb groups
(Table 5; Figure 2A). b-Diversity PCoA plots showed
the Synb group having the most compositional homoge-
neity compared with the other groups on day 8
Table 5. Pairwise Kruskal-Wallis test for phylogenetic diversity of
treatment groups using Shannon index analysis on day 8 and 28.1

Sampling day Group 1 Group 2 H P-value q-value

Day 8 NC PC 0.099 0.752 0.916
Prob 1 3.981 0.045 0.229
Prob 2 1.863 0.172 0.415
Synb 1.588 0.207 0.415

PC Prob 1 2.481 0.115 0.383
Prob 2 0.099 0.752 0.916
Synb 0.011 0.916 0.916

Prob 1 Prob 2 1.102 0.293 0.489
Synb 3.981 0.045 0.229

Prob 2 Synb 0.044 0.833 0.916
Day 28 NC PC 1.588 0.207 0.296

Prob 1 2.481 0.115 0.230
Prob 2 2.161 0.141 0.235
Synb 4.411 0.035 0.118

PC Prob 1 3.573 0.058 0.146
Prob 2 4.411 0.035 0.118
Synb 4.863 0.027 0.118

Prob 1 Prob 2 0.705 0.400 0.445
Synb 0.705 0.400 0.445

Prob 2 Synb 0.000 1.000 1.000

1Treatments include negative control (NC): corn-soybean meal basal
diet; positive control (PC): NC1 20 g virginiamycin (453 g Stafac20)/
907 kg diet; probiotic 1 (Prob 1): NC1 453 g Bacillus subtilisDSM17299/
907kgdiet; probiotic 2 (Prob2):NC1 453 gBacillus subtilisC-3102/907kg
diet; synbiotic (Synb): NC 1 453 g dried fermentation product of Entero-
coccus faecium, Pediococcus acidilactici, Bifidobacterium animalis,
Lactobacillus reuteri, and fructooligosaccharides/907 kg diet.
(Figure 1B). The NC and Prob 1 birds had lower compo-
sitional homogeneity than the Synb, Prob 2, and PC
birds on day 28 (Figure 2B). a-Diversity refers to the
variance within the samples of a particular group,
whereas b-diversity refers to the variance among groups.
Both a- and b-diversity metrics consider 2 aspects of the
community: the number of different organisms in a sam-
ple (richness) and the range of abundance for each one
(evenness).

PERMANOVA analyses on day 8 and day 28 revealed
that the composition of microbial communities in the
NC was different from than in the Prob 1, Prob 2, and
Synb groups (Table 6). The relative abundance of ampli-
con sequence variants of ileal scrapings microbiota was
analyzed at different ranking levels from phylum to
genus. The dominant phyla across the groups were Fir-
micutes, Bacteroidetes, Proteobacteria, Actinobacteria,
Tenericutes, and Epsilonbacteraeota together contrib-
uting greater than 99 and 75% of the whole phyla on
day 8 and day 28, respectively (Table 7). Birds supple-
mented with additives had a greater abundance of Fir-
micutes and a lesser abundance of Bacteroidetes than
the NC and PC on day 8. However, differences in relative
abundance of the dominant bacterial phyla among the
treatments decreased with age (Table 7).

At the genus level, relative abundance of Clostri-
dioides, Faecalibacterium, and Pseudomonas was signif-
icantly higher, whereas abundance of Alistipes, ASF356,
Bifidobacterium, Faecalibaculum, Lachnospiraceae
NK4A136 group, Lachnospiraceae UCG-001,Muribacu-
lum, Parabacteroides,Rikenellaceae RC9 gut group, and
Roseburiawas significantly lower in Prob 1 group than in



Figure 1. Comparison of microbial population in broilers fed various dietary supplements on day 8. (A) Shannon’s diversity index of each treatment
group. The boxplots show the quartiles, median, and extremities of the values. (B) 3D PCoA plots based on weighted UniFrac distance matrix (Bray-
Curtis). Each sphere represents a sample. Treatments include negative control (NC): corn-soybean meal basal diet; positive control (PC): NC1 20 g
virginiamycin (453 g Stafac20)/907 kg feed; probiotic 1 (Prob 1): NC1 453 gBacillus subtilisDSM17299/907 kg feed; probiotic 2 (Prob 2): NC1 453 g
B. subtilis C-3102/907 kg feed; synbiotic (Synb): NC 1 453 g dried fermentation product of Enterococcus faecium, Pediococcus acidilactici, Bifido-
bacterium animalis, Lactobacillus reuteri, and fructooligosaccharides/907 kg feed.
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the NC on day 8 (Figure 3A). Furthermore, on day 28 as
compared with Prob 1, NC birds had higher relative
abundance of Alistipes, Bacteroides, Butyricicoccus,
Erysipelatoclostridium, Faecalibaculum, Helicobacter,
Negativibacillus, Phascolarctobacterium, Prevotella,
Ruminococcaceae UCG-005, Ruminiclostridium 5, and
Ruminococcus torques group (Figure 3B).Relative abun-
dance of Clostridium sensu stricto 1 and Clostridioides
was significantly higher, whereas abundance ofAlistipes,
Bifidobacterium, Faecalibaculum, Lachnospiraceae
UCG-001, Parabacteroides, andOdoribacterwas signifi-
cantly lower in Prob 1 compared with PC on day 8
(Figure 4A). The Prob 1 group had lower relative abun-
dance ofAlistipes,Bacteroides,Blautia,Bifidobacterium,
Butyricicoccus, Erysipelatoclostridium, Faecalibacte-
rium, Faecalibaculum, Gallibacterium, Negativibacillus,
Phascolarctobacterium, Prevotella 9, Ruminococcaceae
UCG-005, Ruminococcaceae UCG-014, Ruminiclostri-
dium 5, Staphylococcus, Staphylococcus, and Subdoli-
granulum were higher than the PC group on day 28
(Figure 4B).
Relative abundance ofClostridioides andLactobacillus

was significantly higher, whereas those of Alistipes,
ASF356, Lachnospiraceae NK4A136 group, Lachnospir-
aceae UCG-001, Muribaculum, Oscillibacter, Parabac-
teroides, Roseburia, and Ruminococcaceae UCG-014
were significantly lower in Prob 2 than in NC on day 8
(Figure 5A). On day 28, relative abundance of



Figure 2. Comparison of microbial populations in broilers fed various dietary supplements on day 28. (A) Shannon’s diversity index of each treat-
ment group. The boxplots show the quartiles, median, and extremities of the values. (B) 3D PCoA plots based on weighted UniFrac distance matrix
(Bray-Curtis). Each sphere represents a sample. Treatments include negative control (NC): corn-soybean meal basal diet; positive control (PC):
NC 1 20 g virginiamycin (453 g Stafac20)/907 kg feed; probiotic 1 (Prob 1): NC 1 453 g Bacillus subtilis DSM17299/907 kg feed; probiotic 2
(Prob 2): NC1 453 g B. subtilis C-3102/907 kg feed; synbiotic (Synb): NC1 453 g dried fermentation product of Enterococcus faecium, Pediococcus
acidilactici, Bifidobacterium animalis, Lactobacillus reuteri, and fructooligosaccharides/907 kg feed.
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Lactobacillus was lower, whereas relative abundance of
Bacteroides, Barnesiella, Butyricicoccus, CHKCI001,
Eisenbergiella, Eubacterium hallii group, Helicobacter,
Ruminococcaceae UCG-005, R. torques group, Sellimo-
nas, and Sutterella were higher in the NC than in the
Prob 2 group (Figure 5B). Relative abundance ofClostri-
dioides, Enterococcus, and Lactobacillus was signifi-
cantly higher, whereas abundance of Alistipes,
Bifidobacterium, Lachnospiraceae UCG-001, Odori-
bacter, and Parabacteroides was significantly lower in
the Prob 2 group than in PC on day 8 (Figure 6A). On
day 28, relative abundance of Enterococcus, Clostri-
dioides, Lactobacillus, and Tyzzerella 3 were higher,
whereas relative abundance of Anaerostipes, Bacter-
oides, Blautia, Butyricicoccus, CHKCI001, Eisenber-
giella, Erysipelatoclostridium, Faecalibacterium,
Faecalibaculum, Gallibacterium, Helicobacter, Hydrota-
lea, Intestinimonas, Jeotgalicoccus, Kocuria, Micro-
coccus, Negativibacillus, Pedobacter, Pseudoflavitalea,
Ruminococcaceae UCG-014, Ruminiclostridium, and
Sutterella were lower in Prob 2 than in PC group
(Figure 6A).

At the genus level, relative abundance ofClostridioides
and Tyzzerella 3 was significantly higher, whereas rela-
tive abundance of Alistipes, ASF356, Faecalibaculum,
Lachnospiraceae UCG-001,Muribaculum, Oscillibacter,

mailto:Image of Figure 2|eps


Table 6. Pairwise PERMANOVA statistic based on unweighted
UniFrac distance matrix on day 8 and day 28.1

Sampling day Group 1 Group 2 Pseudo-F p-value2 q-value

Day 8 NC PC 0.654 0.717 0.717
Prob 1 1.925 0.040 0.156
Prob 2 2.069 0.048 0.156
Synb 1.896 0.056 0.156

PC Prob 1 1.559 0.071 0.156
Prob 2 1.933 0.078 0.156
Synb 1.641 0.117 0.167

Prob 1 Prob 2 1.758 0.096 0.160
Synb 0.937 0.519 0.576

Prob 2 Synb 1.596 0.149 0.186
Day 28 NC PC 1.079 0.376 0.481

Prob 1 1.621 0.026 0.130
Prob 2 1.710 0.054 0.180
Synb 1.947 0.008 0.080

PC Prob 1 1.161 0.273 0.481
Prob 2 0.967 0.433 0.481
Synb 1.03 0.314 0.481

Prob 1 Prob 2 1.282 0.148 0.370
Synb 0.993 0.387 0.481

Prob 2 Synb 0.809 0.688 0.688

1Treatments include: negative control (NC): corn-soybean meal basal
diet; positive control (PC): NC1 20 g virginiamycin (453 g Stafac20)/
907 kg diet; probiotic 1 (Prob 1): NC1 453 g Bacillus subtilis DSM17299/
907 kg diet; probiotic 2 (Prob 2): NC 1 453 g Bacillus subtilis C-3102/
907 kg diet; synbiotic (Synb): NC 1 453 g dried fermentation product of
Enterococcus faecium,Pediococcus acidilactici, Bifidobacterium animalis,
Lactobacillus reuteri, and fructooligosaccharides/907 kg diet.

2P-values were calculated based on 999 permutation tests.
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Parabacteroides, Rikenellaceae RC9 gut group, Rumino-
coccaceae UCG-014, and Ruminiclostridium 9 was
significantly lower in Synb than in NC on day 8
(Figure 7A). On day 28, relative abundance of Lactoba-
cillus and Tyzzerella 3 was lower, whereas relative abun-
dance of Acinetobacter, Bacteroides, Barnesiella,
Table 7. Comparison of microbial population in broiler chickens
fed various dietary supplements on day 8 and 28 using 16S rRNA
sequencing.

Relative abundance (%)

Dietary treatments2

NC PC Prob 1 Prob 2 Synb

Day 8
Actinobacteria 1.95 2.72 0.09 0.15 0.33
Bacteroidetes 14.58 14.60 1.65 1.22 1.78
Epsilonbacteraeota 0.08 0.02 0.00 0.00 0.00
Firmicutes 81.82 76.35 96.75 97.43 96.94
Proteobacteria 1.39 5.99 1.09 0.90 0.80
Tenericutes 0.04 0.15 0.33 0.00 0.05

Day 28
Actinobacteria 0.35 1.73 0.17 0.27 0.30
Bacteroidetes 3.00 6.79 0.77 0.63 0.80
Epsilonbacteraeota 0.73 0.49 0.55 0.74 0.15
Firmicutes 75.40 60.18 80.80 83.95 85.95
Proteobacteria 2.27 5.22 1.48 1.23 1.13
Tenericutes 0.09 0.17 0.02 0.08 0.01

Taxonomic diversity table shows the relative abundance (%) of taxa at
the phylum level in each group. The relative abundance of each sample was
calculated based on the amplicon sequence variants table rarefied to 10,891
and 37,633 reads per sample for day 8 and day 28, respectively.1

1Data represent the mean value of 1 bird/pen (8 birds/treatment).
2Treatments include negative control (NC): corn-soybean meal basal

diet; positive control (PC): NC1 20 g virginiamycin (453 g Stafac20)/
907 kg diet; probiotic 1 (Prob 1): NC1 453 g Bacillus subtilis DSM17299/
907 kgdiet; probiotic 2 (Prob 2):NC1 453 gBacillus subtilisC-3102/907kg
diet; synbiotic (Synb): NC 1 453 g dried fermentation product of Entero-
coccus faecium, Pediococcus acidilactici, Bifidobacterium animalis,
Lactobacillus reuteri, and fructooligosaccharides/907 kg diet.
Butyricicoccus, CHKCI001, Eisenbergiella, Erysipelaro-
clostridium,Flavonifractor,E. hallii group,Helicobacter,
Lachnoclostridium, Negativibacillus, Phascolarctobacte-
rium, Ruminococcaceae UCG-005, Ruminiclostridium,
Ruminiclostridium 5, Ruminiclostridium 9, R. torques
group, Sellimonas, and Sphingobium were higher in NC
compared with the Synb group (Figure 7B). Relative
abundance of Clostridioides, Hydrotalea, Lactobacillus,
Pseudoflavitalea, and Tyzzerella 3 was significantly
higher, whereas abundance of Alistipes, Faecalibaculum,
Lachnospiraceae UCG-001, Odoribacter, and Parabac-
teroides was significantly lower in Synb compared with
PC on day 8 (Figure 8A). Comparedwith the Synb group
on day 28, PC birds had less abundantClostridioides and
Tyzzerella 3 populations, whereas relative abundance of
Acinetobacter, Aerococcus, Akkermansia, Alistipes,
Anaerostipes, Bacteroides, Blautia, Butyricicoccus,
Chryseobacterium, Eisenbergiella, Erysipelaroclostri-
dium, Faecalibacterium, Faecalibaculum, Gallibacte-
rium, Helicobacter, Hydrotalea, Intestinimonas,
Jeotgalicoccus, Lachnoclostridium, Negativibacillus,
Phascolarctobacterium,Pseudoflavitalea,Pseudomonas,
Ruminococcaceae UCG-005, Ruminococcaceae UCG-
005,Ruminiclostridium,Ruminiclostridium9,R. torques
group, Sinobaca, and Sphingobium was higher
(Figure 8B).
Predicted Functions of Ileal Microbiota

Prediction of microbial functions showed distinctive
patterns among the treatment groups. There were 36
and 2 pathways at KEGG level 3 with distinctive enrich-
ment between the NC and Prob 1 groups on day 8 and
day 28, respectively (Figures 9A and 9B). Among these,
the NC microbiota had greater numbers of functional
genes involved in LPS biosynthesis, LPS biosynthesis
proteins, C5 branched dibasic acid metabolism, and
biosynthesis of vancomycin group antibiotics on day 8.
Figures 10A and 10B indicate 63 and 8 pathways at
KEGG level 3 with distinctive enrichment between NC
and Prob 2 birds on day 8 and day 28, respectively.
There were 47 and 14 pathways at KEGG level 3 with
distinctive enrichment between the NC and Synb group
on day 8 and day 28, respectively (Figures 11A and
11B). Among these, the Prob 2 and Synb groups had
greater numbers of functional genes involved in propa-
noate metabolism, whereas LPS biosynthesis, LPS
biosynthesis proteins, bacterial secretion system, and
biosynthesis of vancomycin group antibiotics were
enriched in the NC compared with the Prob 2 and
Synb groups on day 8. On day 28, lysine biosynthesis,
cellular antigens, and transporters proteasome, peroxi-
some, antigen processing, and presentation were
enriched in both the Synb and Prob 2 birds compared
with NC. Furthermore, polyketide sugar unit biosyn-
thesis and phosphotransferase system were enriched in
Synb compared with NC.
Figures 12A and 12B illustrate 41 and 57 pathways

at KEGG level 3 with distinctive enrichment between
PC and Prob 1 group on day 8 and day 28, respectively.



Figure 3. Taxonomic biomarkers highlighted by linear discriminant analysis effect size (LEfSe) (P � 0.05 and LDA cutoff . 2.0) in ileal mucosa
microbiota of broiler chickens challenged with a subclinical naturally occurring necrotic enteritis (n5 8/treatment). LEfSe uses relative abundances to
determine the biomarkers (operational taxonomic units) to explain differences between groups. (A) and (B) Taxonomic biomarkers in NC vs. Prob 1
group on day 8 and day 28, respectively. NC (negative control): corn-soybean meal basal diet; Prob 1: NC1 453 g Bacillus subtilisDSM17299/907 kg
feed. Abbreviation: LDA, linear discriminant analysis.

Figure 4. Taxonomic biomarkers highlighted by linear discriminant analysis effect size (LEfSe) (P � 0.05 and LDA cutoff . 2.0) in ileal mucosa
microbiota of broiler chickens challenged with a subclinical naturally occurring necrotic enteritis (n5 8/treatment). LEfSe uses relative abundances to
determine the biomarkers (operational taxonomic units) to explain differences between groups. (A) and (B) Taxonomic biomarkers in PC vs. Prob 1
group on day 8 and day 28, respectively. PC (positive control): basal diet1 20 g virginiamycin (453 g Stafac20)/907 kg feed; Prob 1: basal diet1 453 g
Bacillus subtilis DSM17299/907 kg feed. Abbreviations: LDA, linear discriminant analysis.
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Figure 5. Taxonomic biomarkers highlighted by linear discriminant analysis effect size (LEfSe) (P � 0.05 and LDA cutoff . 2.0) in ileal mucosa
microbiota of broiler chickens challenged with a subclinical naturally occurring necrotic enteritis (n5 8/treatment). LEfSe uses relative abundances to
determine the biomarkers (operational taxonomic units) to explain differences between groups. (A) and (B) Taxonomic biomarkers in NC vs. Prob 2
group on day 8 and day 28, respectively. NC (negative control): corn-soybeanmeal basal feed; Prob 2: NC1 453 gBacillus subtilisC-3102/907 kg feed.
Abbreviation: LDA, linear discriminant analysis.

Figure 6. Taxonomic biomarkers highlighted by linear discriminant analysis effect size (LEfSe) (P � 0.05 and LDA cutoff . 2.0) in ileal mucosa
microbiota of broiler chickens challenged with a subclinical naturally occurring necrotic enteritis (n5 8/treatment). LEfSe uses relative abundances to
determine the biomarkers (operational taxonomic units) to explain differences between groups. (A) and (B) Taxonomic biomarkers in PC vs. Prob 2
group on day 8 and day 28, respectively. PC (positive control): basal diet1 20 g virginiamycin (453 g Stafac20)/907 kg feed; Prob 2: basal feed1 453 g
Bacillus subtilis C-3102/907 kg feed. Abbreviation: LDA, linear discriminant analysis.
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Figure 7. Taxonomic biomarkers highlighted by linear discriminant analysis effect size (LEfSe) (P � 0.05 and LDA cutoff . 2.0) in ileal mucosa
microbiota of broiler chickens challenged with a subclinical naturally occurring necrotic enteritis (n5 8/treatment). LEfSe uses relative abundances to
determine the biomarkers (operational taxonomic units) to explain differences between groups. (A) and (B) Taxonomic biomarkers in NC vs. Synb
group on day 8 and day 28, respectively. NC (negative control): corn-soybeanmeal basal diet; Synb: NC1 453 g dried fermentation product ofEntero-
coccus faecium, Pediococcus acidilactici, Bifidobacterium animalis, Lactobacillus reuteri, and fructooligosaccharides/907 kg feed. Abbreviation:
LDA, linear discriminant analysis.
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Comparison of PC and Prob 2 group indicated 60 and
92 pathways at KEGG level 3 with distinctive enrich-
ment on day 8 and day 28, respectively (Figures 13A
and 13B). There were 34 and 80 pathways at KEGG
level 3 with distinctive enrichment between PC and
Synb group on day 8 and day 28, respectively
(Figures 14A and 14B). The Prob 2 and Synb groups
had greater numbers of functional genes involved in
glycolysis/gluconeogenesis, phosphotransferase system
and signal transduction mechanisms, whereas LPS
biosynthesis, LPS biosynthesis proteins, and bacterial
secretion system were enriched in PC compared with
the Prob 2 and Synb groups on day 8. In addition,
apoptosis was enriched in the Prob 2 group, whereas
cell division and metabolism and biosynthesis of some
amino acids were enriched in PC. On day 28, fructose
and mannose metabolism, synthesis, and degradation
of ketone bodies, phosphotransferase system, cysteine
and methionine metabolism, lysine biosynthesis, tran-
scription factors, dioxin degradation, Staphylococcus
aureus infection, peptidases, and transporters were
enriched in both the Synb and Prob 2 groups than in
PC. Furthermore, bacterial invasion of epithelial cells,
leucine and isoleucine degradation, calcium signaling
pathway, PPAR signaling pathway, mineral absorp-
tion, LPS biosynthesis, adipocyte signaling pathway,
lipid biosynthesis, proteins and vitamin B6 metabolism
were enriched in PC compared with the Synb and Prob
2 groups.
DISCUSSION

Synb was the only group with better FCR during day
0 to 8 and lower NE lesion scores on day 8 compared with
NC. These improvements were associated with the modi-
fied ileal microbiota in the Synb group compared with
NC on day 8. Microbial balance and macro- and micro-
structural integrity of the gut are pivotal for gut health,
which if compromised would negatively affect digestion,
absorption, and metabolism of nutrients and may lead to
the onset of enteric disease (Yegani and Korver, 2008;
Ritzi et al., 2014). Changes in microbial diversity and
population could make the gut environment suitable
for proliferation or pathogenesis of bacteria such as C.
perfringens, either directly or via promoting growth of
other bacterial species that may competitively exclude
Clostridia. Relative abundance of Bacteroides in the
ileal digesta of broiler chickens increases with NE chal-
lenge (Bortoluzzi et al., 2019). Bacteroides and Prevotel-
laceae can degrade mucus oligosaccharides, which
results in the disruption of intestinal mucosal barrier,
thus causing intestinal inflammation (Rho et al., 2005;
Berry et al., 2015). Supplementation of Synb reduced
the relative abundance of Bacteroides compared with
NC on day 8. Dietary supplementation of a Bacillus-
based probiotic partially restored relative abundance of
Bacteroides in the ileal digesta of NE-challenged birds
to the level of the nonchallenged group (Bortoluzzi
et al., 2019).



Figure 8. Taxonomic biomarkers highlighted by linear discriminant analysis effect size (LEfSe) (P � 0.05 and LDA cutoff . 2.0) in ileal mucosa
microbiota of broiler chickens challenged with a subclinical naturally occurring necrotic enteritis (n5 8/treatment). LEfSe uses relative abundances to
determine the biomarkers (operational taxonomic units) to explain differences between groups. (A) and (B) Taxonomic biomarkers in PC vs. Synb
group on day 8 and day 28, respectively. PC (positive control): basal diet1 20 g virginiamycin (453 g Stafac20)/907 kg feed; Synb: NC1 453 g dried
fermentation product of Enterococcus faecium, Pediococcus acidilactici,Bifidobacterium animalis, Lactobacillus reuteri, and fructooligosaccharides/
907 kg feed. Abbreviation: LDA, linear discriminant analysis.

Figure 9. Predicted functions of ileal mucosa microbiota in broiler chickens challenged with a subclinical naturally occurring necrotic enteritis at
KEGG levels 3 (n5 8/treatment). (A) and (B) Differentially regulated metabolic pathways in NC vs. Prob 1 group on day 8 and day 28, respectively.
NC (negative control): corn-soybean meal basal diet; Prob 1: NC1 453 g Bacillus subtilisDSM17299/907 kg feed. Abbreviation: KEGG, Kyoto ency-
clopedia of genes and genomes.

EMAMI ET AL.12



Figure 10. Predicted functions of ileal mucosa microbiota in broiler chickens challenged with a subclinical naturally occurring necrotic enteritis at
KEGG levels 3 (n5 8/treatment). (A) and (B) Differentially regulated metabolic pathways in NC vs. Prob 2 group on day 8 and day 28, respectively.
NC (negative control): corn-soybean meal basal diet; Prob 2: NC1 453 g Bacillus subtilis C-3102/907 kg feed. Abbreviation: KEGG, Kyoto encyclo-
pedia of genes and genomes.

Figure 11. Predicted functions of ileal mucosa microbiota in broiler chickens challenged with a subclinical naturally occurring necrotic enteritis at
KEGG levels 3 (n5 8/treatment). (A) and (B) Differentially regulated metabolic pathways in NC vs. Synb group on day 8 and day 28, respectively.
NC (negative control): corn-soybeanmeal basal diet; Synb: NC1 453 g dried fermentation product ofEnterococcus faecium,Pediococcus acidilactici,
Bifidobacterium animalis, Lactobacillus reuteri and fructooligosaccharides/907 kg feed. Abbreviation: KEGG, Kyoto encyclopedia of genes and
genomes.
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Figure 12. Predicted functions of ileal mucosa microbiota in broiler chickens challenged with a subclinical naturally occurring necrotic enteritis at
KEGG levels 3 (n5 8/treatment). (A) and (B) Differentially regulated metabolic pathways in PC vs. Prob 1 group on day 8 and day 28, respectively.
PC (positive control): basal diet1 20 g virginiamycin (453 g Stafac20)/907 kg feed; Prob 1: basal diet1 453 gBacillus subtilisDSM17299/907 kg feed.
Abbreviation: KEGG, Kyoto encyclopedia of genes and genomes.
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Predisposing factors such as Eimeria would lead to
disturbances in the microbiota by impacting the gastro-
intestinal environment, therefore allowing the prolifera-
tion of C. perfringens by providing a favorable ecological
environment and/or nutrients (Shojadoost et al., 2012;
Antonissen et al., 2016). Eimeria infection had a marked
effect on the microbiota composition in the ceca of
infected birds (Stanley et al., 2014) and a coccidiosis
challenge reduced the Ruminococcaceae family while 3
unknown Clostridium species were increased (Wu
et al., 2014). Overgrowth of Clostridium sensu stricto 1
and reduction in the number of Lactobacillus were asso-
ciated with NE (Antonissen et al., 2016; Fasina et al.,
2016; Li et al., 2017). Mixed C. perfringens and Eimeria
challenge led to a significant increase in Clostridium
sensu stricto 1 and a reduction in Lactobacillus with
the concurrent increase in NE lesions (Yang et al.,
2019). The NC and Prob 1 groups had higher NE lesion
scores as well as higher relative abundance of Clos-
tridium sensu stricto 1 on day 8. By contrast, Synb
and Prob 2 supplementation reduced lesion scores and
relative abundance of Clostridium sensu stricto 1 and
ASF356 (a Clostridium species), while increased the
abundance of Lactobacillus compared with NC. Lactoba-
cillus is among the predominant bacterial genera in the
gastrointestinal tract of broiler chickens (Wei et al.,
2013). These bacteria have direct and indirect beneficial
effects. Direct effects include immunomodulation via
attachment and interaction with enterocytes,
antagonistic activity against pathogens by production
of lactate thus lowering pH and making the gastrointes-
tinal tract environment unsuitable for acid-sensitive
pathogens, and the production of bacteriostatic and
bactericidal substances (Servin, 2004; Belenguer et al.,
2007; Pan and Yu, 2014). Furthermore, probiotic bacte-
ria such as Lactobacillus prevent adherence of pathogens
to the intestinal mucosa by competitive exclusion and
displacing pathogenic bacteria (Servin and Coconnier,
2003; Collado et al., 2005). Supplementation of Synb
and Prob 1 increased the relative abundance of Lactoba-
cillus in the ileal mucosa, which may illustrate a positive
effect on gut health and performance of the birds. Like-
wise, supplementation of a probiotic to the diet of broiler
chickens challenged with NE increased abundance of
Lactobacillaceae and Clostridiaceae families in the cecal
digesta compared with the challenged control group
(Whelan et al., 2019).
All the additives improved FCR significantly during

day 0 to 28 compared with NC. In addition, ADG signif-
icantly increased in the PC, Prob 2, and Synb groups
compared with NC for the same period. Supplementa-
tion of B. subtilis to the diet of broiler chickens chal-
lenged with NE significantly decreased lesion scores
and improved FCR compared with challenged control
(Bortoluzzi et al., 2019; Sokale et al., 2019; Whelan
et al., 2019). Higher abundance of Lactobacillus was
correlated with feed intake which results in poor FCR,
whereas Faecalibacterium was correlated with improved



Figure 13. Predicted functions of ileal mucosa microbiota in broiler chickens challenged with a subclinical naturally occurring necrotic enteritis at
KEGG levels 3 (n5 8/treatment). (A) and (B) Differentially regulated metabolic pathways in PC vs. Prob 2 group on day 8 and day 28, respectively.
PC (positive control): basal diet 1 20 g virginiamycin (453 g Stafac20)/907 kg feed; Prob 2: basal diet 1 453 g Bacillus subtilis C-3102/907 kg feed.
Abbreviation: KEGG, Kyoto encyclopedia of genes and genomes.

Figure 14. Predicted functions of ileal mucosa microbiota in broiler chickens challenged with a subclinical naturally occurring necrotic enteritis at
KEGG levels 3 (n5 8/treatment). (A) and (B) Differentially regulated metabolic pathways in PC vs. Synb group on day 8 and day 28, respectively.
PC (positive control): basal diet 1 20 g virginiamycin (453 g Stafac20)/907 kg feed; Synb: NC 1 453 g dried fermentation product of Enterococcus
faecium, Pediococcus acidilactici, Bifidobacterium animalis, Lactobacillus reuteri, and fructooligosaccharides/907 kg feed. Abbreviation: KEGG,
Kyoto encyclopedia of genes and genomes.
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FCR (Stanley et al., 2016). Despite similar FCR during
day 0 to 28, relative abundance of Faecalibacterium was
higher and that of Lactobacillus was lower in PC birds
than in the Prob 1, Prob 2, and Synb groups on day
28. This may imply that a specific genus of bacteria
might not be a good indicator of bird’s performance
and health; instead, considering the whole microbial pro-
file of the gastrointestinal tract would be a better
approach. Relative abundance of Bacteroides, Barne-
siella, Butyricicoccus, CHKCI001, Eisenbergiella, E.
hallii group, Helicobacter, Ruminococcaceae UCG-005,
R. torques group, and Sellimonas was lower in the
Synb and Prob 2 groups (with better FCR) than in
NC on day 28. Previous reports indicate that manipula-
tion of the gut microbiota during a NE challenge might
prevent/alleviate its negative effects. Fructooligosac-
charides constitute one component of Synb. In vitro
studies have shown high levels of propionate production
from fructooligosaccharides fermentation (Asano et al.,
2003). Absorption of propionate by the chicken cecal
mucosa could improve host energy metabolism and
improve production (Pineda-Quiroga et al., 2019). Die-
tary supplementation of a prebiotic (but not probiotic
and synbiotic) to laying hens enriched cecal microbial
genes involved in propanoate metabolism (Pineda-
Quiroga et al., 2019). Furthermore, production of short
chain fatty acids reduces the cecum pH, thus inhibiting
the growth of Enterobacteriaceae (which includes
Escherichia-Shigella) (van Der Wielen et al., 2000). A
L. acidophilus–based probiotic improved intestinal
health by decreasing the relative abundance of Escheri-
chia-Shigella in the ileum (Li et al., 2017). The probiotic
bacteria B. subtilis DSM 32315 increased the abundance
of Firmicutes while reduced the abundance of Bacteroi-
detes in the ceca of broiler chickens (Ma et al., 2018).
Furthermore, this probiotic decreased the abundance
of potentially harmful bacteria includingVampirovibrio,
Escherichia-Shigella, and Parabacteroides (Ma et al.,
2018). Relative abundance of Lachnospiraceae, Rumi-
nococcaceae, and unclassified family members belonging
to the Clostridiales order were decreased in the cecal
digesta of NE-challenged broiler chickens fed a diet sup-
plemented with Bacillus-based probiotic compared with
the challenged control. However, the abundance of Lac-
tobacillaceae and Clostridiaceae families was signifi-
cantly increased in probiotic fed birds (Whelan et al.,
2019). Lower relative abundance of Escherichia-Shigella
(belonging to Enterobacteriaceae) in the Synb and Prob
2 groups than PC was associated with the reduction in
LPS biosynthesis, LPS biosynthesis proteins and bacte-
rial secretion system in these birds compared with those
of NC and PC as indicated by the KEGG pathway. Li-
popolysaccharides induce mucosal immune responses
(Lucke et al., 2018); therefore, mucosal immune response
to the overgrowth of opportunistic bacteria due to the
dysbiosis caused by the NE challenge might have been
attenuated by the supplementation of Synb and Prob 2.

Based on the findings presented herein, we can
conclude that under a naturally occurring NE challenge
model, dietary supplementation of Synb to broilers could
significantly reduce day 8 lesion scores and improve FCR
during the peak challenge period (day 0–8). These
changes might be due to modified microbiota as influ-
enced by supplementation of the Synb additive. In addi-
tion, birds fed diets supplemented with Synb and Prob 1
had significantly better FCR and higher ADG during
day 0 to 28 than NC. Better performance was associated
with the modified microbiota in the Synb and Prob 1
groups on day 28, andmight partially explain the protec-
tive effect of these additives against a naturally occur-
ring subclinical NE.
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