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ABSTRACT The purpose of this study was to inves-
tigate the effects of Bacillus subtilis on growth perfor-
mance, intestinal morphology, and cecal microbial
composition of broilers. A total of 270 healthy one-day-
old Arbor Acres male broiler chicks were randomly
divided into 3 dietary treatment groups, with 6 replicates
per group and 15 chickens per replicate. The dietary
treatment groups were as follows: 1) basal diet, negative
control group; 2) basal diet 1250 g/t of zinc bacitracin,
positive control group; and 3) basal diet 1750 g/t of
B. subtilis, B. subtilis group. Results of this experiment
showed that compared with the negative control group,
body weight at 42 d, average daily gain and European
Production Efficiency Factor over the 42 d phase in the
B. subtilis group and positive control group were signif-
icantly increased (P, 0.05); feed conversion rates in the
B. subtilis group and positive control group were signif-
icantly decreased (P , 0.05); and average daily feed
intake and mortality were not significantly different
(P . 0.05). The villus height to crypt depth ratio in the
ileum of the B. subtilis group was significantly higher
(P , 0.05) than that of the negative control group. The
e Authors. Published by Elsevier Inc. on behalf of Poultry
iation Inc. This is an open access article under the CC BY-
se (http://creativecommons.org/licenses/by-nc-nd/4.0/).
une 25, 2020.
December 15, 2020.
nding author: ssr236@163.com

1

results of cecal microflora at genus level were as follows.
As compared with the negative control group, the
abundance of Blautia, Faecalibacterium, Flavonifractor,
and Hydrogenoanaerobacterium of the B. subtilis group
and positive control group was significantly higher
(P , 0.05), whereas the abundance of Odoribacter was
significantly lower (P , 0.05). Moreover, abundance of
the genera Romboutsia in the B. subtilis group was
higher (P, 0.05) than that in the positive control group.
The abundance of Flavonifractor, Erysipelatoclostri-
dium, and Hydrogenoanaerobacterium were positively
correlated with body weight and average daily gain by
Spearman correlation analysis. In conclusion, dietary
supplementation with B. subtilis improved growth
performance of broilers which may be related to the
increased abundance of Blautia, Faecalibacterium, Fla-
vonifractor, Hydrogenoanaerobacterium, and Rombout-
sia, along with the decreased abundance of Odoribacter.
In addition, the effect of B. subtilis was superior to zinc
bacitracin in improving intestinal microbial composition
of broilers. Therefore, B. subtilis may act as an effective
antibiotic substitute in broilers.
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INTRODUCTION

In the production of livestock and poultry, long-term
abuse of antibiotics has led to several negative conse-
quences, such as the residue of antibiotics in livestock
and poultry products, the resistance of pathogens to
antibiotics, the imbalance of normal microbial flora,
etc. (Barton, 2000; Bogaard et al., 2000; Sorum and
Sunde, 2001). With increasing food safety awareness
and the introduction of relevant laws and regulations
in various countries to control the use of antibiotics,
the search for antibiotic alternatives has become a
research focal point in the industry. One such group of
antibiotic alternatives, probiotics, have been studied
for nearly 20 yr (Rolfe, 2000). Probiotics have been
used in livestock and poultry production as feed
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additives, and Bacillus subtilis is one of the most com-
mon probiotics (Guo et al., 2006).

Bacillus subtilis is a spore-forming aerobic bacterium.
Its spores are metabolically dormant during feed process-
ing and adaptable to external conditions, such as
extremely low and high temperatures as well as low
and high pH (Nicholson, 2002). In addition, dietary
supplementation with B. subtilis can effectively improve
growth performance, immunity, and intestinal
morphology of poultry (Lee et al., 2010; Korosi et al.,
2011; Jeong and Kim, 2014; Nguyen et al., 2015). This
growth-promoting effect of B. subtilis may be due to
its influence on gut microbial populations, including
increasing the number of beneficial bacteria and
reducing the number of certain pathogenic bacteria
(Guo et al., 2006; Molnar et al., 2011; Wu et al., 2011;
Jeong and Kim, 2014; Yang et al., 2016). Studies on
the substitution of B. subtilis for antibiotics have also
been reported (Cavazzoni et al., 1998; Lee et al., 2014).
However, few studies have analyzed how B. subtilis as
an antibiotics substitute changed the intestinal microbi-
al community of broilers to improve the performance by
microbial sequencing technology.

In this study, B. subtilis was used as an antibiotic sub-
stitution to determine its effect on growth performance
of broilers. In addition, 16S rDNA sequencing was used
to compare the effects of B. subtilis and the antibiotic,
zinc bacitracin, on the intestinal microbial community
of these same broilers to better understand the impact
that B. subtilis had on growth performance.
MATERIALS AND METHODS

Experimental Design and Animal
Management

A total of 270 one-day old Arbor Acres male broiler
chicks with similar weight (42.11 6 0.10 g) were
randomly divided into 3 groups, with 6 replicates per
group and 15 chickens per replicate. The treatment
groups were as follows: 1) basal diet, negative control
group (NC); 2) basal diet 1 250 g/t of zinc bacitracin,
positive control group (PC); and 3) basal diet 1 750 g/
t of B. subtilis, B. subtilis group (BS). Zinc bacitracin
andB. subtilis (LIFEGUFS-S 200)were provided byLife-
come Biochemistry co., Ltd., and the number of viableB.
subtilis in the raw product was between 2! 1010 CFU/g
and 3 ! 1010 CFU/g. The testing period was from 1 to
42 d of age. Two feeding phase diets were utilized: starter
diet from 1 to 21 d and grower diet from 22 to 42 d
(Table 1). The diets were formulated tomeet the nutrient
requirements recommended by the National Research
Council (NRC, 1994). The chickens were raised in an
experimental farm in the Institute of Poultry Science,
Chinese Academy of Agricultural Science. Birds had ad
libitum to feed and water and were reared in wire cages
(1.2 m ! 0.9 m, length ! width), with 23 h of illumina-
tion per day throughout the study. The animal use proto-
col was approvedby theAnimalCare andUseCommittee
of the Institute of Poultry Science, Chinese Academy of
Agricultural Science (Yangzhou, Jiangsu, China).
Growth Performance

Daily, health status was observed, and the death and
feed consumption of chickens were recorded. The birds
were fasted 8 h and then weighed on day 21 and 42, to
calculate the average body weight (BW), average daily
gain (ADG), average daily feed intake (ADFI), feed con-
version ratio (FCR), and European Production Efficiency
Factor (EPEF). The EPEFwas determined as per the for-
mula (Slizewska et al., 2020): EPEF 5 [(viability
(%)! body weight)/(FCR! age)] ! 100.
Sample Collection and Index Determination

On day 42, 6 birds (1 bird per replicate) with similar
weight per group were selected and euthanized by
severing the jugular vein. About 2 cm of intestinal tissue
from the duodenum, jejunum, and ileum were excised,
emptied of chyme, and then fixed with 4% paraformalde-
hyde solution. The intestinal segments were dehydrated
in an ascending gradient of ethanol. These samples were
then cleaned in xylene, embedded in paraffin wax, pro-
cessed into slices, and stained with hematoxylin and
eosin. Villus height and crypt depth were measured us-
ing a positive fluorescence microscope (DM4000B, Leica
Microsystems, Wetzlar, Germany), and villus height to
crypt depth ratio (VCR) was calculated. Cecal chyme
was collected, immersed in liquid nitrogen, and then
stored at 280�C for DNA extraction and 16S rDNA
amplicon sequencing analysis by Novogene Corporation
(Beijing, China).
DNA Extraction and Sequencing Library
Construction

Total genomic DNA was extracted from cecal con-
tents of each chick using the EZNA Soil DNA kit
(D5625-02, Omega Bio-Tek Inc., Norcross, GA). After
extraction, DNA concentration and purity were
analyzed by a NanoDrop ND-2000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE). The DNA
was then stored at 220�C until further processing.
DNA amplicons were amplified using primers for the
V4 domain of bacterial 16S rRNA gene by polymerase
chain reaction (Bergmann et al., 2011; Gao et al.,
2017). The amplified products were extracted by electro-
phoresis with a 2% agarose gel, and the polymerase chain
reaction products were mixed equally and purified with
the GeneJET Gel Extraction Kit (Thermo Fisher Scien-
tific, Waltham, MA). The library was constructed using
the Ion Plus Fragment Library Kit (Thermo Fisher Sci-
entific). After Qubit quantification (Qubit 2.0 fluorom-
eter, Life Technology, Carlsbad) and library testing,
the constructed library was sequenced using the
IonS5XL sequencing platform at Novogene Bioinformat-
ics Technology Co., Ltd. (Beijing, China).



Table 1. Composition and nutrient levels of the basal diet (air-dry basis).

Items

Contents

Starter stage (1–21 d) Grower stage (22–42 d)

Ingredients (%)
Corn 54.30 56.84
Soybean oil 3.40 3.98
Soybean meal (43%) 38.12 35.32
Lysine hydrochloride (98%) 0.15 0.16
DL -Met 0.25 0.24
CaCO3 1.14 0.93
CaHPO4$2H2O 1.86 1.80
Salt 0.40 0.40
Choline chloride (50%) 0.15 0.10
Vitamin premix1 0.03 0.03
Mineral premix2 0.20 0.20
Total 100.00 100.00

Nutrient levels (%)3

ME (kcal/kg) 2,950 3,020
CP 21.00 20.00
Ca 1.01 0.90
Available phosphorus 0.45 0.43
DLys 1.15 1.10
DMet 0.50 0.48
DCys 0.29 0.28
DMet 1 DCys 0.86 0.82

1The vitamin premix provides the following per kg of diet: VitaminA, 8000 IU;VitaminD3,
1000 IU; Vitamin E, 20 IU; Vitamin K3, 0.50 mg; Vitamin B1, 2.00 mg; Vitamin B2, 8.00 mg;
Vitamin B6, 3.50 mg; Vitamin B12, 0.01 mg; niacin, 35.00 mg; calcium pantothenate,
10.00 mg; folic acid, 0.55 mg; biotin, 0.18 mg.

2Themineral premix provides the following per kg of diet: Fe, 80.00mg; Cu, 8.00mg;Mn,
100.00 mg; Zn, 80.00 mg; I, 0.70 mg; Se, 0.30 mg.

3The nutrient levels were calculated values.
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Quality Filtering and Sequence Data
Analysis

Based on the IonS5XL sequencing platform, a small
fragment library was constructed using the single-end
sequencing (Single-End) method. Clean data were ob-
tained by cutting and filtering reads. Based on the clean
data, the sequences were clustered into operational taxo-
nomic units (OTU) with 97% identity, and then the
OTU sequences and Silva132 database were used for
species annotation analysis (Edgar, 2013). In accordance
with species annotation, the differences in community
structure among treatments were revealed by calcu-
lating alpha diversity and beta diversity. For alpha
diversity measurements, the alpha diversity indexes
were calculated based on the OTU using the Shannon,
Simpson, and Chao1 (Chao, 1984; Chao and
Lee, 1992) methods. For beta diversity measurements,
beta diversity heatmap, principal coordinates analysis
(PCoA) (Minchin, 1987), analysis of similarities
(Chapman and Underwood, 1999), multiple response
permutation procedure (O’Reilly and Jr, 1980), and per-
mutation multivariate analysis of variance (Adonis)
(Stat et al., 2013) were used to analyze the differences
of community structure among different treatments. In
addition, MetaStat (Edgar, 2004) and LEfSe analysis
(Segata et al., 2011) were used to identify the biological
differences between treatments. CCA-envfit function
analysis (Yang et al., 2007) and Spearman correlation
analysis (Segata et al., 2011) were carried out to obtain
the growth performance factors which were significantly
correlated with the change of community among
treatments. Finally, the annotated results of the ampli-
fier were correlated with the corresponding functional
database, and functional prediction of the microbial
community in the samples was carried out by Phyloge-
netic Investigation of Communities by Reconstruction
of Unobserved States (PICRUSt) (Qin et al., 2012).
Statistical Analysis

All data were presented as the mean with pooled SEM
values. Statistical analyses were carried out with SPSS
22.0 for windows (SPSS Inc., Chicago, IL). One-way
ANOVA followed by LSD’s multiple comparison test
was used to evaluate the differences among the treat-
ment groups. A P-value less than 0.05 was considered
statistically significant.
RESULTS

Growth Performance

Table 2 shows the growth performance and EPEF of
broilers in each treatment group. Compared with the
NC group, BW at 42 d (P 5 0.004), ADG over
the 42 d phase (P 5 0.004) and EPEF (P 5 0.012) in
the BS group were significantly increased; and BW at
42nd day (P 5 0.010), ADG over the 42-day phase
(P 5 0.010) and EPEF (P 5 0.003) in the PC group
were also significantly increased. The FCR in the BS
group (P5 0.019) and PC group (P5 0.033) were signif-
icantly lower than in the NC group. There were no



Table 2. Effects of Bacillus subtilis on growth performance and European Production
Efficiency Factor of broilers at 42 d of age.

Items

Groups

SEM

P-value

NC PC BS NC-BS NC-PC PC-BS

BW (g) 2949b 3058a 3075a 20 0.004 0.010 0.651
ADG (g) 69.2b 71.8a 72.2a 0.47 0.004 0.010 0.651
ADFI (g) 113.3 114.6 114.9 0.63 0.321 0.441 0.817
FCR 1.637a 1.595b 1.590b 0.0085 0.019 0.033 0.781
Mortality (%) 4.45 1.11 3.33 1.344 0.748 0.342 0.523
EPEF 410b 451a 444a 6.4 0.012 0.003 0.555

a,bMeans in the same row with different superscripts are significantly different at P, 0.05. Values are
expressed as means with pooled SEM values, n 5 6.

EPEF 5 [(Viability (%) ! Body weight)/(FCR ! Age)] ! 100.
Abbreviations: ADFI, average daily feed intake; ADG, average daily weight gain; BS, Bacillus subtilis

group; BW, body weight; EPEF, European Production Efficiency Factor; FCR, feed conversion rate; NC,
negative control group; PC, positive control group.
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significant differences in ADFI and mortality during the
42-day phase among the 3 groups.
Intestinal Morphology

Intestinal morphology of the broilers at 42 d of age is
shown in Table 3. Compared with the NC group, the
VCR of the ileum in the BS group was significantly
increased (P 5 0.047), whereas the VCR of the duo-
denum and jejunum was not significantly different
(P . 0.05) among the 3 groups. Moreover, there were
no significant differences (P . 0.05) among any of the
treatments for villus height and crypt depth of the duo-
denum, jejunum, and ileum.
Variation in Cecal Microbiota Composition

Phylum Level Appendix Table 1 shows the relative
abundance of the top 10 microorganisms at the phylum
level. The cecal microbiome of each group was domi-
nated by Bacteroidetes, Firmicutes, Proteobacteria,
Tenericutes, Melainabacteria, Actinobacteria, Cyano-
bacteria, Acidobacteria, Gemmatimonadetes, and
Chloroflexi. Among them, Bacteroidetes and Firmicutes
were the most dominant bacterial groups, which
together accounted for more than 80% of the total
Table 3. Effects of Bacillus subtilis on intestina

Items

Groups

NC PC

Duodenum
Crypt depth (mm) 235 216 2
Villus height (mm) 1,279 1,107 1,3
VCR 5.5 5.3

Jejunum
Crypt depth (mm) 237 220 2
Villus height (mm) 1,152 1,221 1,3
VCR 4.9 5.8

Ileum
Crypt depth (mm) 202 186 1
Villus height (mm) 944 885 9
VCR 4.7b 5.5a,b

a,bMeans in the same rowwith different superscript
expressed as means with pooled SEM values, n 5 6.

Abbreviations: BS, Bacillus subtilis group; NC, ne
VCR, villus height to crypt depth ratio.
microbial community detected. By MetaStat analysis,
Proteobacteria of the PC group was significantly higher
(P 5 0.032) than that of the BS group (Figure 1A and
Appendix Table 1). However, there were no significant
differences among treatments in the relative abundance
of the other microorganisms in cecum of broilers at the
phylum level.
Family Level Appendix Table 2 shows the relative
abundance of the top 10 microorganisms at the family
level. Compared with the NC group, the relative abun-
dance of Ruminococcaceae (P 5 0.007, P 5 0.018) and
Lachnospiraceae (P 5 0.019, P 5 0.011) in Firmicutes
of the BS group and PC group were significantly
increased (Figure 1B and Appendix Table 2). There was
no significant difference in the relative abundance of the
predominant microorganisms in cecum of broilers at the
phylum level between the BS and PC groups.
Genus Level Appendix Table 3 shows the relative
abundance of the top 35 microorganisms at the genus
level. Compared with the NC group, the relative abun-
dance of Faecalibacterium (P 5 0.006), Flavonifractor
(P 5 0.010), Hydrogenoanaerobacterium (P 5 0.006)
and Blautia (P 5 0.009) in Firmicutes, and Rikenella
(P 5 0.047) in Bacteroidetes of the BS group was
significantly increased, and the relative abundance of
Odoribacter (P 5 0.047) in Bacteroidetes of the BS
l morphology of broilers at 42 d of age.

SEM

P-value

BS NC-BS NC-PC PC-BS

46 12 0.730 0.560 0.388
42 57 0.642 0.243 0.133
5.8 0.33 0.709 0.781 0.548

15 10 0.439 0.532 0.855
06 64 0.369 0.668 0.618
6.3 0.36 0.156 0.317 0.617

50 15 0.165 0.659 0.329
41 40 0.981 0.577 0.593
6.4a 0.35 0.047 0.328 0.268

s are significantly different atP, 0.05. Values are

gative control group; PC, positive control group;



Figure 1. Significantly different taxa between different groups by MetaStat analysis (n5 6). (A) Phylum. (B) Family. (C) Genus. Abbreviations:
NC, negative control group; PC, positive control group; BS, Bacillus subtilis group.
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group was significantly decreased (Figure 1C and
Appendix Table 3). In addition, when compared with
the NC group, the relative abundance of Faecalibacte-
rium (P 5 0.024), Flavonifractor (P 5 0.005), Hydro-
genoanaerobacterium (P 5 0.027), Blautia (P 5 0.004),
and Erysipelatoclostridium (P 5 0.005) in Firmicutes,
and Parasutterella (P 5 0.003) and Bilophila
(P 5 0.049) in Proteobacteria of the PC group were
significantly increased, and the relative abundance of
Odoribacter (P 5 0.031) in Bacteroidetes of the PC
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group was significantly decreased (Figure 1C and
Appendix Table 3). Compared with the PC group, the
relative abundance of Romboutsia (P 5 0.033) in Fir-
micutes and Rikenella (P 5 0.035) in Bacteroidetes of
the BS group was significantly increased (Figure 1C and
Appendix Table 3).
Diversity of Cecal Microbiota

Alpha Diversity lpha diversity among the NC, PC, and
BS groups is presented in Table 4. Alpha diversity in-
dexes were calculated based on the OTU using the
Shannon, Simpson, and Chao1 methods. There was no
significant difference in the indexes (including OTU,
Shannon, Simpson, Chao1) of alpha diversity of micro-
biota in cecum of broilers at 42 d of age.
Beta Diversity Beta diversity was assessed by beta di-
versity heatmap and PCoA using the weighted UniFrac
distance method. Beta diversity heatmap showed that
microbiota diversity parameters were not affected by
the treatments at 42 d of age (Figure 2A). Figure 2B
shows PCoA of the variation among these 3 groups, and
the cecal microbiota compositions of broilers were not
separated. Analysis of similarities, multiple response
permutation procedure, and Adonis are a series of
nonparametric methods used to test the difference of
community structure among groups. There was no sig-
nificant difference in any of these 3 indexes of beta di-
versity of microbiota in cecum of broilers at 42 d of age
(Table 5). LEfSe analysis was used to find the biomarkers
with statistical difference among different treatments.
Figure 2C showed the species with significant differences
among the NC, PC, and BS groups with LDA scores
.2.5. Seven specific biomarkers were present in the NC
group, 5 in the PC group and 4 in the BS group.
Microbiome Responding to Growth
Performance

The correlation between the dominant taxon of cecal
microbiota at the genus level relative to growth perfor-
mance of broilers was assessed by Spearman correlation
analysis (Figure 3). The BW (Pr 5 0.019), ADG
(Pr 5 0.019), FCR (Pr 5 0.033), and EPEF
(Pr 5 0.038) screened by the CCA-envfit function anal-
ysis (Appendix Table 4) were the growth performance
factors that had the most significant impact on the
bacterial community. Flavonifractor, Erysipelatoclostri-
dium, and Hydrogenoanaerobacterium in Firmicutes
Table 4. Effects of Bacillus subtilis on alpha div
42 d of age.

Items

Groups

NC PC BS

Observed_species 694 661 553
Shannon 5.53 5.71 5.69
Simpson 0.903 0.924 0.92
Chao1 746 692 596

Abbreviations: NC, negative control group; PC, p
were positively correlated with BW and ADG. Sphingo-
monas in Proteobacteria was positively correlated with
FCR, whereas Bilophila and Parasutterella in Proteo-
bacteria were negatively correlated with FCR. Unidenti-
fied_Clostridiales in Firmicutes was negatively
correlated with EPEF.
Functional Prediction of Cecal Microbiota

Cecal microbiota functional predictions due to dietary
treatments were examined by PICRUSt. Principal
component analysis revealed that the 3 dietary treat-
ments clustered together, indicating that their func-
tional compositions were similar (Figure 4A). Based on
the Kyoto Encyclopedia of Genes and Genome, the
abundant functional annotations of cecal microbiota
were those corresponding to carbohydrate metabolism,
amino acid metabolism, membrane transport, replica-
tion and repair, energy metabolism, translation, poorly
characterized, nucleotide metabolism, cellular processes,
and signaling and metabolism of cofactors and vitamins
(Figure 4B). However, the predominant functions
(top10) were not significantly different among the 3
groups (Figure 4C and Appendix Table 5).
DISCUSSION

Growth Performance

In the poultry industry, it is very important to find
safe and effective antibiotic substitutes that also may
provide economic benefits. Growth performance charac-
teristics (including BW, ADG, ADFI, and FCR) are
some of the most important factors used to evaluate
the economic benefits of broiler production. The EPEF
is a comprehensive measure of broiler production which
reflects various measures of boiler performance,
including BW, survival rate, FCR, production manage-
ment, and so on. It is also a profitability index. The
larger the index, the more profitable the birds are. In
recent years, EPEF has gradually been recognized by
practitioners and gradually become an important evalu-
ation method of poultry production (Bhamare et al.,
2016; Slizewska et al., 2020). Studies have shown that
B. subtilis as a dietary additive can significantly promote
the growth performance of broilers (Jeong and Kim,
2014; Park and Kim, 2014; Nguyen et al., 2015). Consis-
tent with previous studies, our results showed that B.
subtilis or zinc bacitracin can significantly increase BW
ersity of microbiota in cecum of broilers at

SEM

P-value

NC-BS NC-PC PC-BS

41 0.179 0.742 0.300
0.071 0.383 0.329 0.914

8 0.0071 0.155 0.233 0.802
43 0.171 0.615 0.370

ositive control group; BS, Bacillus subtilis group.



Figure 2. Beta diversity of the microbiome residing in the cecal chyme of broilers at 42 d of age. (A) Beta diversity heatmap. (B) PCoA plot. (C) LDA
distribution histogram (LDA scores. 2.5). Abbreviations: NC, negative control group; PC, positive control group; BS,Bacillus subtilis group. p, phylum;
c, class; o, order; f, family; g, genus; s, species.
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and ADG and reduce FCR during the first 42 d of pro-
duction. The EPEF in the BS and PC groups was also
increased as compared with the NC group, indicating
that economic benefits were improved. However, some
studies have reported that B. subtilis does not affect
growth performance of broiler chickens (Lee et al.,
2014), which may be related to the type and additive
amount of B. subtilis. In our study, the growth promot-
ing effect and economic benefit of B. subtilis on broilers
was similar to that of zinc bacitracin according to the
growth performance including the BW, ADG, FCR,
and EPEF.
Intestinal Morphology

It is well known that intestinal morphology is an impor-
tant indicator of intestine health, and villus height and
crypt depth are the main indicators of intestinal digestion
and absorption function as well as cell maturity rate,
respectively (Paiva et al., 2014). Increased VCR can pro-
vide an intestinal environment conducive to digestion and
absorption of nutrients (Montagne et al., 2003). Lee et al.
(2010) showed that a diet supplemented with B. subtilis
could promote the growth of intestinal epithelial cells, in-
crease villus height of the small intestine, and improve



Table 5. Anosim, MRPP and Adonis P-values based on microbial
community between treatment groups.

VS. groups Anosim P-value MRPP P-value Adonis P-value

NC-BS 0.311 0.377 0.320
NC-PC 0.311 0.446 0.500
PC-BS 0.968 0.936 0.882

Abbreviations: Adonis, permutation multivariate analysis of variance;
Anosim, analysis of similarities; BS, Bacillus subtilis group; MRPP, mul-
tiple response permutation procedure; NC, negative control group; PC,
positive control group.
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absorption of nutrients. However, in our study, villus
height and crypt depth of the duodenum, jejunum, and
ileum were not affected by the addition of B. subtilis or
zinc bacitracin. Nevertheless, VCR of the ileum in the
BS group was higher than the NC group, indicating
that B. subtilis was beneficial to intestinal health.
Variation in Cecal Microbiota Composition

The composition of intestinal microflora is significant
for maintaining intestinal homeostasis and health of host
(Zhang et al., 2018). Cecal microflora plays an important
role in chicken health and growth performance, affecting
food transformation, disease resistance, and pathogen
colonization (Stanley et al., 2014; Awad et al., 2016).Ba-
cillus subtilis is a kind of aerobic bacterium, which can
grow in the intestinal tract and consume oxygen to
maintain anaerobic environment and inhibit the growth
of harmful aerobic bacteria (Hong et al., 2005). Many
studies have shown that B. subtilis supplementation
caused a significant decrease in the numbers of
Figure 3. Correlation between the most abundant taxa of the cecal microb
Color legend on the right indicates correlation coefficient values by color. Th
lation coefficient r, which is between21 and11. When r, 0, it is negative co
results are P , 0.05 or P , 0.01 (marked with * or ** respectively). Abbrev
conversion rate; EPEF, European Production Efficiency Factor; VCR, villu
Escherichia coli and Salmonella, whereas the numbers
of Lactobacillus and Bifidobacterium increased in the
cecum (Wu et al., 2011; Jeong and Kim, 2014; Yang
et al., 2016). Based on the results of species annotation,
we analyzed the changes of cecal microbial composition
at phylum, family, and genus levels to partially elucidate
the growth promoting mechanisms of B. subtilis.
At the phylum level, Bacteroidetes and Firmicutes

were the dominant bacterial groups, which together
accounted for more than 80% of the total microbial
community detected in our study. This is consistent
with previous studies in which Bacteroidetes and Firmi-
cutes constitute most microbial communities in chickens
at the phylum level, and these bacteria are known to
play a role in energy production and metabolism
(Ahir et al., 2010; Oakley et al., 2014; Pandit et al.,
2018). It is worth mentioning that some reports found
that the dominant phylum of the cecal community is
Firmicutes in chickens (Awad et al., 2016; Mancabelli
et al., 2016), but others have reported that the dominant
phylum is Bacteroidetes (Mohd et al., 2015; Pandit
et al., 2018). The results of our study showed that Bac-
teroidetes is the dominant phylum of the cecal commu-
nity in 42-day-old broilers in our trial. However, the
dominant phylum may change due to the age, breed,
and regional differences of selected chickens. What we
assessed was final colonization of broiler chickens in
the later stage of the production cycle. In addition, the
abundance of Proteobacteria caused by supplemental
zinc bacitracin was higher than that of supplemental
B. subtilis which is similar to the previous reports
(Salaheen et al., 2017; Hu et al., 2020), that is, the
iota at the genus level and growth performance of broilers at 42 d of age.
e value corresponding to the intermediate heat map is Spearman corre-
rrelation; and when r. 0, it is positive correlation. The significance test
iations: BW, body weight; ADG, average daily weight gain; FCR, feed
s height to crypt depth ratio.



Figure 4. Impact of dietary treatment on cecal microbiota functional predictions by PICRUSt. (A) PCA plot. (B) KEGG pathway annotation.
(C) The predominant functions (top10) of cecal microbiota based on KEGG. Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genome;
NC, negative control group; PC, positive control group; BS, Bacillus subtilis group.
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addition of antibiotics increased the abundance of Pro-
teobacteria. Salaheen et al. (2017) and Hu et al. (2020)
also reported that supplementing broilers with antibiotic
growth promoters (tylosin, neomycin sulfate, bacitracin,
erythromycin, and oxytetracycline or virginiamycin)
increased the abundance of Proteobacteria. It is impor-
tant to note that Proteobacteria include some zoonotic
pathogens, such as Escherichia, Salmonella, Campylo-
bacter, and other notable pathogenic genera (Salaheen
et al., 2017; Clavijo and Florez, 2018).
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At the family level, the abundance of Ruminococca-
ceae and Lachnospiraceae in Firmicutes was influenced
by addition of B. subtilis or zinc bacitracin in our study.
Lachnospiraceae is a microorganism producing n-butyric
acid in the intestine, which may be related to host energy
regulation and intestinal mucosal integrity (Lin et al.,
2018). Ruminococcaceae and Lachnospiraceae contain
the genera producing short-chain fatty acids (SCFA)
(Nava and Stappenbeck, 2011; Zeng et al., 2019), and
SCFA could inhibit the growth and reproduction of
enteropathogenic bacteria by affecting intestinal pH
value, which may ultimately yield good growth perfor-
mance in broilers. Therefore, the increased abundance
of Ruminococcaceae and Lachnospiraceae in the BS
and PC groups may be related to the improvement of
ADG in broilers. This finding is supported by Ma et al.
(2018) who also reported that the increased abundance
of Ruminococcaceae due to B. subtilis addition was asso-
ciated with increased ADG and BW.

At the genus level, the dominant bacteria species of the
gutwere reshaped byB. subtilis or zinc bacitracin addition
in the present study. The genusBlautia is a gram-positive
bacterium, which can degrade different types of carbohy-
drates to producemetabolites suchas acetic acid and lactic
acid (Liu et al., 2008), and Faecalibacterium is an impor-
tant butyrate-producing bacterium in the chicken cecum
(Duncan et al., 2002). Both of these bacteria can provide
energy for the body and reduce inflammation, and their
increased abundance is indicative of intestinal health of
the host (Biddle et al., 2013; Yang et al., 2016;
Abaidullah et al., 2019). Therefore, the improved growth
performance of the BS and PC groups in our study may
be related to the increased abundance ofBlautia and Fae-
calibacterium, which are beneficial to intestinal health.
Flavonifractor belongs to the family Ruminococcaceae
in Firmicutes and contributes to butyrate production
(Meng et al., 2019). It is well known that adding butyrate
in the animal diet is beneficial in improving feed conver-
sion efficiency and growth performance. Hydrogenoa-
naearobacterium is a proteolytic bacterium that
produces sulfides through the degradation of sulfur-
containing amino acids and can break the aromatic ring
of plant compounds to produce SCFA (Li et al., 2017).
In addition, Hydrogenoanaearobacterium has been
reported to be closely related to obesity phenotypes
(Jung et al., 2016). In the present study, Spearman corre-
lation analysis showed Flavonifractor and Hydrogenoa-
naerobacterium in Firmicutes were positively correlated
with BW and ADG. Therefore, the improved growth per-
formance of broilers in the BS and PC groups may be due
to the increased abundance of Flavonifractor and Hydro-
genoanaearobacterium. Liu et al. (2019) reported that
proteoglycan induced mice with Ankylosing spondylitis
exhibited notably increased relative abundances of Odor-
ibacter, and Han et al. (2020) also thought Odoribacter
was positively correlated with the inflammatory state. In
our study, addition of B. subtilis or zinc bacitracin both
reduced the abundance of Odoribacter, but there was no
differencebetween thePCandBSgroups.Taken together,
the increased abundances of Blautia, Faecalibacterium,
Flavonifractor, and Hydrogenoanaerobacterium, along
with the decreased abundance of Odoribacter in the gut
of the BS and PC groups could have contributed to the
improved growth performance of the broilers.
Erysipelatoclostridium belongs to the family Erysipe-

lotrichaceae in Firmicutes. It has been reported that
high abundance of Erysipelatoclostridium may be
related to reducing feed/egg ratio of laying hens (Guo
et al., 2018), but Erysipelatoclostridium is also consid-
ered to be an opportunistic pathogen (Zhao et al.,
2019), which may be associated with diseases such as
metabolic syndrome and gout (Smith et al., 2016; Shao
et al., 2017). In the present study, the genera Parasutter-
ella and Bilophila in Proteobacteria were very abundant
in cecum of broilers in the PC group, which were signif-
icantly negatively correlated with FCR. In addition, the
genera Parasutterella and Bilophila have been reported
to be associated with intestinal inflammation and injury
(Chen et al., 2018; Cheng et al., 2018). In our study, zinc
bacitracin did not exert a positive inhibiting effect on
Erysipelatoclostridium, Parasutterella, or Bilophila.
Although the genera Blautia, Faecalibacterium, Flavo-
nifractor, and Hydrogenoanaearobacterium in the PC
group may have yielded improved growth performance
of broilers, there is also a potential risk of certain diseases
due to the enrichment of the genera Erysipelatoclostri-
dium, Parasutterella and Bilophila in the intestine of
the PC group. In addition, the genus Romboutsia is a
valuable intestinal biomarker because it plays a key
role in maintaining health of the host (Mangifesta
et al., 2018). In our study, Romboutsia of the BS group
was higher than that of the PC group, further indicating
that B. subtilis was superior to zinc bacitracin in
improving intestinal microbial composition in broilers.
Diversity of Cecal Microbiota

The diversity of gut microbiota is important for main-
taining gastrointestinal homeostasis and is beneficial to
host health (Zhang et al., 2018). In our study, dietary
treatments yielded several changes to the cecal microbial
composition of broilers, and LEfSe analysis further iden-
tified the species with significant differences among
treatments. However, B. subtilis or zinc bacitracin addi-
tion failed to modify the overall diversity of cecal micro-
biota at 42 d of age. These results are consistent with
previous reports. Ma et al. (2018) reported that supple-
mental B. subtilis also did not affect the diversity of cecal
microbiota in broilers. In addition, and even more like
the results of the present study, Pedroso et al. (2006)
described that dietary bacitracin had no significant ef-
fect on overall microbial diversity but did alter the
composition of intestinal bacterial microbiota in
chickens. However, Li et al. (2019) reported that B. sub-
tilis addition improved the diversity of jejunal micro-
biota at 21 d but had little effect by 42 d of age. It
may be that the dynamic diversity of intestinal micro-
biota, which is a very complex ecosystem, shifts with
the change of diet and age (Isaacson and Kim, 2012).
In fact, Ballou et al. (2016) suggested microbiota were
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affected more by age than treatment. In addition, die-
tary B. subtilis can improve overall microbial diversity
of chickens infected by pathogenic bacteria such as Sal-
monella (Oh et al., 2017; Khan and Chousalkar, 2020).
Therefore, it is possible thatB. subtilis can restore micro-
bial diversity in chickens infected by pathogenic bacteria
but have little effect on overall microbial diversity of
healthy chickens. However, as indicated in the previous
section, B. subtilis did affect the abundance of some in-
testinal microorganisms.

Functional Prediction of Cecal Microbiota

The PICRUSt analysis was used to infer the effect of
B. subtilis or zinc bacitracin on the metabolic pathways
of cecal microbiota in broilers. Based on Kyoto Encyclo-
pedia of Genes and Genome prediction, the abundant
functional annotations of cecal microbiota were those cor-
responding to carbohydrate metabolism, amino acid
metabolism, membrane transport, replication and repair,
energy metabolism, translation, poorly characterized,
nucleotide metabolism, cellular processes and signaling,
and metabolism of cofactors and vitamins. These pre-
dicted functions of cecal microbiota in broilers were
similar to those predicted by other studies (Ma et al.,
2018; Hu et al., 2020). However, the addition of B. subtilis
or zinc bacitracin had little effect on the predicted func-
tions of cecal microflora in broilers. Consistent with previ-
ous studies, Ma et al. (2018) also reported that the
addition of B. subtilis DSM 32315 exerted little impact
on the predicted functions of cecal microbiota in broilers.
These results suggest that the functional abilities of cecal
microflora are stable in broilers.
CONCLUSION

In conclusion, dietary supplementation with B. subti-
lis improved growth performance including the BW,
ADG, FCR, and EPEF of broilers which may be related
to the increased abundance of Blautia, Faecalibacte-
rium, Flavonifractor, Hydrogenoanaerobacterium, and
Romboutsia, and the decreased abundance of Odori-
bacter. Moreover, the effect of B. subtilismay be superior
to zinc bacitracin in improving intestinal microbial
composition of broilers, which may be related to the
increased abundance of Romboutsia that plays a key
role in maintaining health of host.
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