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ABSTRACT Bone health of broiler chickens is essential
for welfare and production. In this study, the probiotic
Bacillus amyloliquefaciens (BA) CGMCC18230 was com-
pared with antimicrobial growth promoters (AGPs) for
its ability to promote growth and bone health. To address
this, a total of 180 Arbor Acres (AA) 1-day-old, male,
broiler chicks were randomly allocated into 3 treatment
groups, with 6 replicates, containing 10 chicks in each rep-
licate. The treatment groups were: control group (CON)
fed a corn-soybean based diet; BA treatment group fed
the basal diet supplemented with 2.5 x 10'° CFU /kg BA
CGMCC18230; AGPs treatment group was fed the basal
diet containing the antibiotics aureomycin (75 mg/kg), fla-
vomycin (5 mg/kg) and kitasamycin (20 mg/kg). Over the
42 d experiment, broilers fed BA and AGPs diets both had
higher BW, and the ADG was significantly (P < 0.05)
higher than that of the CON group both in the grower
phase (22—42 d) and overall. Moreover, with BA birds
had higher (P < 0.05) serum concentrations of phosphorus

(P, day 42) and alkaline phosphatase (ALP, days 21 and
42). Conversely, the content of P in excreta decreased sig-
nificantly (P < 0.05) on days 21 and 42. Tibia bone miner-
alization was improved in BA, and the mRNA of P
transport related genes PiT-1,2 in the duodenum and jeju-
num were significantly up-regulated in the BA group than
in the CON group (P < 0.05). 16S rRNA gene sequencing
revealed that dietary BA supplementation increased the
relative abundance of butyrate-producing bacteria ( Rumi-
nococcaceae) and polyamine-producing bacteria (Akker-
mansia and Alistipes), which had a positive effect on bone
development. These data show that dietary supplementa-
tion of BA CGMCC18320 improves broiler growth perfor-
mance and bone health similar to supplementation with
AGPs through up-regulation of intestinal P transporters,
microbial modulation and increase P retention. However,
no significant influence of BA CGMCC18320 supplemen-
tation on the retention of Ca was found.
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INTRODUCTION

Globally there has been a rapid increase in the
demand for chicken meat, reflecting human population
growth and affluence, and the relative cost of poultry
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compared to other meat (Mottet and Tempio, 2017).
This has coincided with the phasing out of antimicrobial
growth promoters (AGPs) that have been widely used
to improve the production efficiency of broiler chickens
(Dibner and Richards, 2005; M’Sadeq et al., 2015; Tellez
and Latorre, 2017). The challenges mentioned above,
have prompted a global search for alternative feed sup-
plements to AGPs including probiotics which are used
widely by the human population and are rapidly gaining
acceptance as an animal feed additive (Bajagai et al.,
2016; Ma et al., 2021; Shini and Bryden, 2022).
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Bone mineralization is a function of calcium (Ca) and
phosphorus (P) metabolism, an area of much interest to
the poultry industry because the rapid weight gain of
the broiler increases stress on the skeletal system, lead-
ing to susceptibility to bone disease (Gonzdlez-Cerén
et al., 2015; Li et al., 2017). Gradually, the roles of probi-
otics in bone development and health are being delin-
eated, which include an ability to reduce the incidence of
lameness (Wideman et al., 2012), and modulate bone
mineralization (Quach and Britton, 2017; Yan et al.,
2019). Bacillus amyloliquefaciens (BA) is a probiotic
species that has been extensively used in the animal feed
industry. A component of BA’s mode of action is the
secretion of multiple extracellular enzymes and antibac-
terial substances, such as phytase (Schofield et al.,
2016). Therefore, we predicted that BA would have an
impact on bone mineralization.

The current study determined the effect of BA and
AGPs on growth performance, and importantly, evalu-
ated the impact on tibia development of broiler chickens.
In addition to the physiological and biochemical analy-
ses, the excreta microbiota was also investigated to
determine possible molecular and microbial mechanisms
underlying the effects of BA on broiler performance and
bone biology.

MATERIALS AND METHODS
Ethics Statement

The experiment was conducted in Nankou pilot base
of the Chinese Academy of Agricultural Sciences. This
research were licensed by the ethical approval of the
Animal Care and Use Committee of the Institute of
Feed Research of the Chinese Academy of Agricultural
Sciences (Statement No. AEC-CAAS-20191106, Beijing,
China). In addition, the methods for animal experiments
were set out by the National Institute of Animal Health
and research reporting follows the guidelines of ARRIVE
(Kilkenny et al., 2012).

Preparation of Bacillus Amyloliquefaciens
CGMCC18230

The probiotic Bacillus amyloliquefaciens
CGMCC18230 (viable count >5.0 x 10" CFU/g, pow-
der state) was provided by Challenge Biotechnology
Co., LTD (Beijing, China) in microcapsules, which were
added to feed. The viable feed count of Bacillus amyloli-
quefaciens was determined using a modified protocol as
described in Nikoskelainen (2003). The amount of the
probiotic was determined by homogenizing 1 g of feed in
9 mL sterile phosphate-buffered saline (PBS, pH 7.2;
HKM, Guangdong, China), pH 7.4. The homogenate
was spread at dilutions from 10~ to 107! on Luria-Ber-
tani (LB) broth media (Land Bridge, CM158, Beijing,
China) plates; the plates were incubated at 37°C for 48 h
prior to colony counting. Following a conservative strat-
egy, the amount of Bacillus amyloliquefaciens in feed

was examined daily throughout the experiment in order
to ensure cell viability.

Experimental Design and Bird Management

In total, 180 newly hatched, male, Arbor Acres (AA)
broiler chickens were raised in the Nankou experimental
base of the Chinese Academy of Agricultural Sciences
(CAAS, Beijing, China). The chicks were randomly allo-
cated into 3 treatment groups, with 6 replicates, con-
taining 10 chicks in each replicate; each replicate had
the same mean body weight. The experiment lasted for
42 d with 2 feeding phases, starter (1—21 d) and grower
(22—42 d). The basal experimental diets (CON, control
group) were formulated to meet the nutritional require-
ments (Table 1) of the birds as determined by National
Research Council (1994) and Ministry of Agriculture
of the People’s Republic of China (2004). In the
second treatment group, Bacillus amyloliquefaciens
CGMCC18230 homogenate was added at 100mg/kg to
the basal diets (BA group); after pelleting at 65 to 70°C,
the diet was checked for the viable strain count, meet
the final concentration of 2.5 x 10'° CFU /kg feed. Aur-
eomycin (20%, 75 mg/kg), flavomycin (50%, 5 mg/kg),

Table 1. Ingredient and nutrient composition of basal broiler
diets.

Ingredient (g/kg) Starter (1-21d) Grower (22—42 d)

Corn 570.7 581.8
Soybean meal, 46% 297.6 287.5
Cotton seed meal 49.8 29.9
Soybean oil 15.0 39.6
L-Lysine 1.5 0.9
DIL-Methionine 1.4 1.6
Limestone 12.6 10.2
CaHPO, 19.3 16.5
NaCl 3.0 3.0
Choline chloride 2.0 2.0
Vitamin premix 0.3 0.3
Mineral premix’ 1.0 1.0
Zeolite powder 1.7 1.7
Titanium dioxide” 24.0 24.0
Total 1000 1000
Nutrient concentrations®
Metabolic energy (MJ/kg) 12.35 13.02
Crude protein 211.8 198.4
Calcium 10.1 8.5
Available P 4.5 4.0
Total P 6.9 6.3
Lysine 114 10.5
Methionine 4.9 4.8
Methionine + Cysteine 8.3 8.1
Threonine 7.7 2.2
Analyzed content

Calcium 10.2 8.5
Total P 6.8 6.2
Calcium: Total P 1.50 1.37

'The premix provided the following per kilogram diet: vitamin A 10,
000 IU, vitamin D3 2000 IU, vitamin E 10 IU, vitamin K3 2.5 mg, vitamin
B; 1 mg, vitamin B, 6 mg, vitamin B3 10 mg, vitamin B5 40 mg, vitamin
Bg 3 mg, vitamin By; 0.3 mg, vitamin By, 0.01 mg, biotin 0.12 mg, Cu (as
copper sulfate) 8 mg, Fe (as ferrous sulfate) 80 mg, Mn (as manganese sul-
fate) 60 mg, Zn (as zinc sulfate) 40 mg, Se (as sodium selenite) 0.15 mg, I
(as potassium iodide) 0.35 mg.

“Prepared as 4 g of titanium dioxide mixed with 20 g of ground corn.

3Calculated nutrient concentrations.



BACILLUS AMYLOLIQUEFACIENS AND BONE DEVELOPMENT 3

and kitasamycin (50%, 20 mg/kg) were added before
pelleting to the basal diet as the third experimental
group (AGPs group). The AGPs content in the diet
after pelleting was quantified using high-performance
liquid chromatography (HPLC). No related antibiotics
were detected in CON and BA group, and AGPs group
including aureomycin (14.45 £ 0.16 mg/kg feed), flavo-
mycin (2.43 £ 0.04 mg/kg feed) and kitasamycin (9.73
+ 0.08 mg/kg feed), respectively. All diets contained the
indigestible marker, titanium dioxide (de Vries and Ger-
rits, 2018).

The broiler chickens were housed in an environmen-
tally controlled facility (fiberglass feeders and plastic net
floor), and had ad libitum access to feed and purified
water. The lighting program was controlled to a 16 h
light: 8 h dark cycle, throughout the experiment. Rela-
tive humidity was controlled at 60 to 70% during days 1
to 7, and then at 50 to 60% for the remainder of the
experiment. For the first week, the ambient temperature
was maintained at 33 £ 2°C and then gradually
decreased to 24°C (1—2°C per/d). This temperature was
maintained until the end of the study. The broilers were
vaccinated against infectious diseases according to com-
mercial practices, containing Newcastle disease vaccine
(strain La Sota) and the infectious bronchitis (strain
H120) on day 7, and infectious bursal disease (IBD,
strain B87) on day 14; all vaccines were purchased from
Harbin Pharmaceutical Group Bio-vaccine Co. Ltd.
(Harbin, China). Chickens were monitored twice daily
and excreta was cleared daily.

Sample Collection and Parameter
Determination

In order to evaluate the growth performance parame-
ters, body weight (BW) and feed consumption were
measured at days 21 and 42; average daily feed intake
(ADFI), average daily gain (ADG), and the feed con-
version ratio (FCR) were calculated (g feed/g gain) for
the starter (1—21 d) and grower (22—42 d) phases. If
broilers died during the study, adjustments were made
to the growth parameters. Mortality was recorded daily
for each replicate cage and analyzed as previously
described (Du and Guo, 2021).

From day 18 to 21 and day 39 to 42 of the experiment,
total excreta from each replicate was collected for 3 con-
secutive days. The collected excreta for each replicate
was thoroughly mixed and stored at —20°C, before oven
drying at 65°C for 48 h to a constant weight. The diet
and excreta samples were finely ground to pass through
a 0.5 mm screen before analysis and dried at 105°C in an
oven for 16 h for dry matter determination (Method
934.01; AOAC International, 2006). The samples were
placed into a muffle furnace at 550°C for 4 h and ash per-
centage was determined (Liu et al., 2017). The content
of Ca in ash were determined by inductively-coupled
plasma emission spectrometry (Method 968.08; AOAC
International, 2000), and P was determined using the

vanadate-molybdate method (Method 967.17; AOAC
International, 2000). The retention of Ca and P were
calculated as described previously (Chung et al., 2013).

(Xezcreta / Xdiet) X ( Tidiet/ Tiezcreta )]

x 100

Retention, % = [1 —

Where: X yerota and Xgier were the Ca or P content in the
excreta and diet (g/kg), respectively, and Tige; and Tig,.
crota the titanium dioxide content in diet and excreta (g/
kg), respectively.

On days 21 and 42, one broiler (close to the average
BW) from each replicate was selected after a 12 h fast.
Blood samples were taken (2.5 mL) from the wing vein
using an anticoagulant-free vacuum test tube (5 mL),
and immediately placed on ice. Serum was harvested
after centrifuging at 3,000 x g for 10 min, and stored at
—20°C until analyzed. Ca, P, and alkaline phosphatase
(ALP) in serum was determined with an automatic bio-
chemical analyzer (Hitachi 7600, Japan), using assay
kits purchased from the Nanning Jiancheng Biological
Engineering Institute (Jiangsu, China).

After blood sampling, the broilers were euthanized by
electric stunning and immediate manual slaughter. Proxi-
mal duodenal, jejunal, and ileal tissue were collected,
opened longitudinally and cleaned with sterile saline. The
tissue was snap-frozen in liquid nitrogen and transferred
to a —80°C freezer till analyzed for mRNA.

The 2 tibiotarsus (hereafter referred to as the tibia)
bones from each bird were then removed and cleaned
prior to analysis. The biomechanical strength of the right
tibia bone was measured (Latorre et al., 2017), with load
representing bone strength; defined as the force in grams
per square millimeter of cross-sectional area (g/mm?).
The data were calculated by the software of Instron’s
Series IX (Norwood, MA). The left tibia bone was
degreased in a soxhlet apparatus, then dried at 100°C for
24 h before ashing in ceramic crucibles for 24 h at 600°C.
The contents of Ca and P in tibia were determined using
the same methods as for excreta ash and the data were
expressed as percent of defatted bone on a dried basis.

RT-gPCR

The total RNA from the intestinal mucosa were iso-
lated using TRI-zol reagent (TIANGEN, Beijing,
China) and reversely transcribed into complementary
DNA (cDNA) pursuant to the manufacturer’s protocol.
The concentration of total RNA was determined from
OD 260,280 with a spectrophotometer (Ultrospec 2100
pro, GE Healthcare), and purity measured by agarose
gel electrophoresis. Then 500 ng of total RNA was
reversely transcribed into cDNA using the primescript
of Fast Quant RT Kit (with gDNase) (TIANGEN, Bei-
jing, China) according to the manufacturer’s protocol.
qPCR was conducted using the iCycler iQ5 system fol-
lowing the manufacturer’s instructions. The primers
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Table 2. Primer sequences of broiler NaPi-IIb, PiT-1, 2, and
B-actin.

Accession number

XM _015297502.1

Gene Primer sequence (5-3”)

PiT-1 F: GCTCGTGGCTTCGTTCTTG
R: GACCATTTGACGCCTTTCT

PiT-2 F: GCAGCAGATACATCAACTC NM_ 001305398-1
R: ATTTCCACTCCACCCTC

NaPi-IIb F: CTGGATGCACTCCCTAGAGC NM_204474.1
R: TTATCTTTGGCACCCTCCTG

B-actin F: GAGAAATTGTGCGTGACATCA  NM_205518.1

R: CCTGAACCTCTCATTGCCA

sequences for PiT-1, Pit-2, NaPi-1Ib, and B-actin were
listed in Table 2. B-actin was used to normalize the
expression of the targeted genes. The mRNA level of the
relative gene was calculated using the method of 2744¢
(Livak and Schmittgen, 2001). All the samples were ana-
lyzed in triplicate and the geometric mean of internal
references.

Microbial Analysis

On day 42, excreta from one broiler per replicate in
the CON and BA groups was freshly collected, snap-fro-
zen in liquid nitrogen and stored at —80°C for further
analysis. Microbial genomic DNA of the excreta were
extracted under sterile conditions using the GenElute
Stool DNA Isolation Kit (Sigma-Aldrich, St. Louis,
MO), following the manufacturer’s instructions. Subse-
quently, gene sequencing was implemented by Majorbio
Biotech Co., Ltd (Shanghai, China). The V3 to V4 vari-
able region of the 16S rRNA gene was amplified with
universal primers 343F and 798R. The PCR products
were collected and sequenced using the Illumina MiSeq
platform (Illumina inc., San Diego, CA). High-quality
reads were filtered and clustered into operational taxo-
nomic units (OTUs) based on sequences with >97%
similarity and then analyzed using the QIIME software
(version 1.9.1). The online platform (https://cloud.
majorbio.com/) of Majorbio Biotech Co., Ltd was used
to analyze the reads data. In particular, alpha-diversity
indices including Chaol index, Shannon index, Coverage
index, and number of OUTSs were analyzed by student’s
t-test at OTU level. The beta-diversity analysis includ-
ing the principal component analysis (PCA) and princi-
pal coordinate analysis (PCoA) (Lozupone and Knight,
2005). The 2-sided Student’s t-test was employed for
analysis of the relative abundance at the phylum and
genus levels. Linear discriminant analysis (LDA) effect
size (LEfSe) analysis was implemented using the non-
parametric factoria Kruskal-Wallis rank sum test to
obtain significantly different species between the CON
and BA groups (Segata et al., 2011), differences between
groups were assessed using the Wilcoxon rank sum test,
and finally LDA was used to access the influence of each
species abundance on the differences.

Statistical Analysis

The data were analyzed by a one-factor ANOVA pro-
cedure of SPSS19.0 software package for Windows

(SPSS Inc., Chicago, IL) and indexes were expressed as
means with standard error of mean (SEM). Significant
differences between groups were separated using Dun-
can’s multiple range test. A P-value less than 0.05 was
set as statistically significant. The graphs were designed
using GraphPad Prism 5 Project (GraphPad Software
Inc., San Diego, CA) and Origin 8.5 (Origin Lab, Berke-
ley, CA).

RESULTS
Growth Performance

The birds grew normally and had a low mortality rate
of 2.4% that was not related to the dietary treatments
(data not shown). Growth performance during the study
is shown in Table 3. On day 21 the broilers fed BA and
AGPs had a higher (P < 0.05) BW than the CON group.
The ADG of the BA and AGPs groups was significantly
(P < 0.05) higher than the CON group in the grower
phase (22—42 d) and overall. The ADFTI for these groups
was also higher that the CON group in the grower phase
(22—42 d), but the difference was not significant
(P = 0.091). The FCR of the AGPs group was superior
(P < 0.05) to the CON group during both the grower
phase and overall. Furthermore, the overall FCR of the
BA group was numerically superior to the CON group
but the difference did not reach significance.

Retention of Ca and P

Excreta concentrations and retention of Ca and P are
shown in Table 4. Neither Ca concentration nor reten-
tion was effected by diet. In contrast, supplementing the
diet with BA or AGPs decreased (P < 0.05) P excretion,
and this was reflected in increased (P < 0.05) retention
of P.

Table 3. Growth performance of broiler chickens fed a basal diet
(CON), or the basal diet supplemented with either Bacillus amy-
loliquefaciens (BA), or antibiotic growth promoters (AGPs).

Dietary treatment

Parameter Days CON BA AGPs  SEM  P-value
BW, g 0 45.4 45.2 456 032 0.742
21 771 794 757 13.14  0.053
42 2281" 2350" 2391" 29.58 0.039
ADG, g/(bird-d) 1-21 34.1 35.3 332 067 0.531
22-42 717" 74.3° 76.2° 151 0.024
1-42 53.0 54.9" 55.5"  1.04 0.037
ADFI, g/(bird-d) 1-21 51.0 49.2 485  1.68 0.107
2242 163.9 166.0 165.6  1.59 0.091
142 106.1 107.4 107.9  1.98 0.281
FCR, g/g 1-21 1.50 1.40 1.41  0.05 0.154
22-42 2.27" 2.23" 2.16" 0.03 0.015
1-42 2.01" 1.95" 1.92" 0.01 0.039
n=6.

BW, body weight; ADG, average daily gain; ADFI, average daily feed
intake; F/G, feed/gain. CON group, basal diet in control group; BA
group, basal diet + 2.5 x 10'° CFU /kg Bacillus amyloliquefaciens; AGPs
group, basal diet+ aureomycin 75 mg/kg + flavomycin 5 mg/
kg + Kitasamycin 20 mg/kg.

2b[n the same row, values with different small letter superscripts mean
significant difference (P < 0.05).
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Table 4. Retention of Ca and P in broiler chickens fed a basal
diet (CON), or the basal diet supplemented with either Bacillus
amyloliquefaciens (BA), or antibiotic growth promoters (AGPs).

Dietary treatment

Item CON BA AGPs  SGEM  P-Value
Day 21
Excreta Ca, g/kg DM 25.58 24.24 24.93 0.208 0.657
ExcretaP,g/kg DM 13.81" 1247”1257 0170  0.001
Retention of Ca, % 60.61 6271  61.51 1.071  0.455
Retention of P, % 49.73"  50.98" 50.78"  0.224  0.034
Day 42

Excreta Ca, g/kg DM 24.73 24.01 23.98 0.153 0.211

ExcretaP,g/kg DM 13.12° 1237 12.91"" 0.165  0.047
Retention of Ca, % 62.73 6458  63.24  0.103  0.067
Retention of P, % 46.58"  48.72" 47.19" 0478  0.017

n = 6.

CON group, basal diet in control group; BA group, basal
diet + 2.5 x 10'° CFU /kg Bacillus amyloliquefaciens; AGPs group, basal
diet+ aureomycin 75 mg/kg + flavomycin 5 mg/kg + Kitasamycin
20 mg/kg.

*PIn the same row, values with different small letter superscripts mean
significant difference (P < 0.05).

Concentrations of Ca, P, and ALP in Serum

As shown in Table 5, all groups had comparable
serum concentrations of Ca on days 21 and 42. Serum
ALP content was higher (P < 0.05) in the BA and AGPs
group than the CON group on day 21. Interestingly, the
serum P and ALP of BA broilers were both higher (P <
0.05) than the other groups on day 42.

Tibia Bone Strength and Mineralization

Tibia breaking strength and mineral content on days
21 and 42 are summarized in Figure 1. On day 21, no sig-
nificant differences were observed in the tibia strength
and bone ash among treatments. Tibia ash concentra-
tions of P and Ca were both elevated in the BA and
AGPs groups relative to birds on the control diet,
although not reaching statistical significance (P = 0.074
and P = 0.061, respectively). Supplementation with BA

Table 5. Serum concentrations of Ca, P and ALP broiler chick-
ens fed a basal diet (CON), or the basal diet supplemented with
either Bacillus amyloliquefaciens (BA), or antibiotic growth pro-
moters (AGPs).

Dietary treatment

Parameter CON BA AGPs SEM P-value
Day 21

Ca, mmol/L 1.96 2.27 2.19 0.056 0.052
P, mmol/L 1.50 1.55 1.60 0.031 0.453
ALP,'U/L 3292° 3866 4252" 155 0.016
Day 42

Ca, mmol/L 241 2.42 2.39 0.023 0.890
P, mmol /L 1.47" 1.56" 1.48" 0.017 0.028
ALP,'U/L  1543" 2346" 1894 110 0.006

n=6.

'ALP, alkaline phosphatase. CON group, basal diet in control group;
BA group, basal diet + 2.5 x 10" CFU/kg Bacillus amyloliquefaciens;
AGPs group, basal diet+ aureomycin 75 mg/kg + flavomycin 5 mg/
kg + Kitasamycin 20 mg/kg.

*PIn the same row, values with different small letter superscripts mean
significant difference (P < 0.05).

significantly (P < 0.05) increased tibia breaking strength
on day 42, along with tibia ash Ca and P concentrations
compared to birds receiving the basal diet. A similar,
but non-significant trend in bone ash content was noted.

Gene Expression of Intestinal P Transporters

The mRNA expression of NaPi-llb and PiT-1, 2 genes,
involved in P transport in different intestinal segments
were examined on day 42 and the results appear in
Figure 2. Supplementation with BA significantly (P <
0.05) up-regulated expression of PiT-1,2 mRNA in the
duodenum and jejunum. However, no effect of BA on the
expression of NaPi-llb was found. The AGPs up-regulated
NaPi-llb in all sections when compared to BA supplemen-
tation and control birds, with the most noticeable change
in the ileum. The AGPs also up-regulated the expression
of PiT-1 and PiT-2 in the ileum (P < 0.05), to a greater
extent that the 2 other treatments but this was not
observed in the duodenum or jejunum.

Microbial Diversity and Community in
Excreta

Comparisons of alpha and beta microbial diversity
indices are shown in Figure 3. The results revealed that
the Chaol and Shannon indexes of OTU level were not
significantly different between the CON and BA groups
(Figure 3A and B). The coverage index for every sample
was greater than 0.999, indicating that the subsequent
analyses were not affected by biases in sequencing depth
(Figure 3C). Furthermore, a trend of increase in the
number of OTUs was observed in the BA group com-
pared with the CON group (Figure 3D). The g-diversity
analysis was shown in Figure 3E and F, the results of
PCA and PCoA showed that these 2 groups demon-
strated no significant differences at the OTU level. In
the stacked bar graphs were created to show the differ-
ent OTUs at the level of Phylum and Genus (Figure 3G
and H), results indicating the Firmicutes, Actinobacte-
ria, Proteobacteria, and Bacteroidetes dominated the
microbiomes of both the CON and BA chickens at the
phylum level, but there were differences in abundance.
At the genus level, Candidatus_Arthromitus, Strepto-
coccus, Bifidobacterium, and Rothia were the most pre-
dominant genera in the excreta microbiota communities
of chickens. Additionally, LEfSe analysis (LDA > 2)
revealed the significant differences in microbiota struc-
ture between the CON group and the BA group
(Figure 4A). Adopting the 2-sided Student’s t-test, we
found that Bacteroidetes, Deinococcus-Thermus, and
Verrucomicrobia at the phylum level were more abun-
dant (P < 0.05) in the BA group than in the CON group
(Figure 4B). At the genus level (Figure 4C), 15 bacteria
were significantly different, the relative abundance of
Acinetobacter,  Muribaculaceae, Ruminococcaceae,
Cupriavidus, Vagococcus, Akkermansia, Blautia, and
Alistipes were notably elevated in the BA group
(P<0.05).
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and 42, respectively; (C) and (D) bone ash content on days 21 and 42, respectively; (E) and (F) tibia P content on days 21 and 42, respectively; (G)
and (H) tibia Ca content on days 21 and 42, respectively. bV alues, for the same parameter and day, with different superscripts are significantly dif-

ferent (P < 0.05).
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Figure 2. NaPi-llb and PiT-1, 2 gene mRNA expression in different
intestinal segments of broiler chickens fed a basal diet (CON), or the
basal diet supplemented with either Bacillus amyloliquefaciens (BA) or
antibiotic growth promoters (AGPs) on day 42. Data are indicated as
means &+ SEM (n = 6). (A) duodenum; (B) jejunum; (C) ileum. *"Val-
ues for each intestinal segment with different superscripts are signifi-
cantly different (P < 0.05).

DISCUSSION

For many years AGPs have sustained animal and
poultry productivity through maintaining gut health by
reducing inflammation (Niewold, 2007; Mountzouris
et al., 2019). However, with the curtailing of AGPs use,
many strategies have been examined to fill this void and
probiotics have received much attention. In most studies
that evaluate probiotics, AGPs are not included, thus
making it difficult to determine the relative importance
of probiotics in substituting for AGPs. Both AGPs
and a probiotic were included in this study to allow
comparison of bird performance under the same condi-
tions. Moreover, we were interested in the role of
these feed additives beyond growth, especially bone
metabolism.

In the current study, birds consuming BA and AGPs
had similar final BW and utilised feed with similar effi-
ciency. This has been observed previously (Lei et al.,
2015). Other studies have also shown positive effects of
BA on broiler growth performance (Luan et al., 2019;
Hong et al., 2021). The improvement of growth parame-
ters by a probiotic is complex and involves a number of
possible mechanisms (Paulina and Katarzyna, 2018;
Shini and Bryden, 2022), including enhanced intestinal
integrity that is facilitated by BA (Shini et al., 2020,
2021). It has also been shown that BA may contribute
to improved growth through regulation of immunity by
increasing the expression of genes involved ileal mucosal
immunity (Ahmed et al., 2014), and genes regulating
the adaptive immune response, such as B and T cells
lymphocyte activation (Luise et al., 2019).

Ca and P are important factors in cellular metabolism
and pivotal to bone mineralization and strength. The
metabolism of both minerals is tightly controlled to
maintain homeostasis (Proszkowiec-Weglarz and Angel,
2013; Liet al., 2017). In the current study bone minerali-
zation was increased when both BA and AGPs were
added to the diet as indicated by ALP activity. ALP it
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is a marker of skeletal mineralization in birds (Tilgar
et al., 2008) and as expected, circulating ALP values
were greater at 21 d of age reflecting greater bone devel-
opment by the rapidly growing broiler during the initial
weeks posthatching. Circulating concentrations of Ca
and P were unaffected, except for a significant increase
in P concentration in birds supplemented with BA at 42
d of age. This increase in serum P concentration coin-
cided with decreased P excretion but increased P reten-
tion; no changes with Ca were observed. These changes
in mineral metabolism were reflected in increased tibia
bone strength and mineralization. Supplementing
broiler diets with BA significantly increased bone
strength on day 42, reflecting significant increases in
tibia Ca and P content when compared to birds supple-
mented with AGPs. Research conducted by Bielke et al.
(2017) indicated that bone density and strength were
impacted positively by the gastrointestinal microbiome
(Bielke et al., 2017), and Latorre et al. (2017) also
demonstrated that Bacillus spp. increase tibial

mineralization of broilers by modulation of the cecal
microbial community through a probiotic role (Latorre
et al., 2017). Studies in laying hens, demonstrated that
dietary supplementation with Bacillus increased tibia
bone P concentration and improved bone quality, pre-
sumably through enhanced P intestinal absorption
(Ciurescu et al., 2020). Interestingly, we found no effect
of BA supplementation on serum Ca level, excreta Ca
concentration and Ca retention. In previous studies,
some lactic acid bacteria promoted Ca absorption by
producing large amounts of acid metabolites, L. salivar-
1us UCC 118, stimulated Ca uptake by enterocytes in in
vitro models, and L. rhamnosus GG was shown to stimu-
late bone improvement in estrogen-deficient mice (Gate]
et al., 2018; Zaktos-Szyda et al., 2020). However, in this
study, we did not find that BA affected Ca metabolism.
The small intestine is the main tissue for P absorption
in poultry and absorption occurs in the different seg-
ments in this organ (Wasserman and Taylor, 1973).
Throughout the small intestine P absorption is



Cladogram

| /"/ /
UL / /

LIET AL.

Student’s t-test bar plot on Phylum level

= CON

mm BA

95% confidence intervals
!

Bacteroidetes | | —e—i w 0004926 N
Deinococcus-Thermus [y et .+ 00375 3
£
Verrucomicrobia [y ® . 00302 @

[ T B B B B B AT

T T T T T TR TR T S|

00 04 08 12 16 20 24

5 4 3 20 1 2 3 45

mm w:g_norank_f__Ruminococcaceae
mm x:g_ Faecalibacterium

== y:g_Bacillus

: g__Jeotgalibaca

== al:g_ Vagococcus

mm b1:c_ Erysipelotrichia

mm c1:o_Erysipelotrichales

mm d1:f_Erysipelotrichaceae
= e1:g_ Erysipelatoclostridium
mm f1:g_ Merdibacter

= g1 :p_ Verrucomicrobia

mm hi:c_ Verrucomicrobiae

mm i1:0_Verrucomicrobiales
mm j1:f_Akkermansiaceae

mm k1:g__ Akkermansia

<o norank:f.Muribaculaceas mm [1:p_Deinococcus-Thermus
of 3713 mm m1:c__Deinococci

== n1:0_ Deinococcales

mm o1:f_Deinococcaceae

mm p1:g_ Deinococcus

= q1:0_ Thermales

= r1:f_Thermaceae

= s1:g_ Thermus

:g__Dermabacter
: f__Moraxellaceae

+g__ Acinetobacter
: g__Rheinheimera

a
b

c

d
&:g_Cupriavidus
f:g__DSSD61

g 0__Sphingomonadales

h : f_Sphingomonadaceae

i:g_ Sphingomonas

j: p_Bacteroidetes

k: c_ Bacteroidia

11 0_Bacteroidales

m:g__ Alistipes
n':g_Prevotellaceae_UCG-001
o:f_Muribaculaceae

1
q
r
s
t
u
v

f
:g__norank_f__37-13

:g_ Finegoldia

:g_Blautia
+g__norank_f__Lachnospiraceae
: g__Ruminococcaceae_UCG-014

(A

Proportions(%) Difference between proportions(%)

(B)

Student’s t-test bar plot on Genus level

== CON
95% confidence intervals = A
i [ ! |l “ 0001598
Muribaculaceae [mm— el “**0,0001992
Ruminococcaceae_UCG-014 [l ® * 0001988
Cupriavidus [y ] *0.01256
Vagococeus [l b **0.005929
Akkermansia [y ] * 0013
Blautia g ® © 002724 g
Alistipes 'Y © 001979 B
Ruminococcaceae | ® * 00115 s
Alcaligenes | ° **0.006467
Providencia | ® * 0.02645
Myroides | ’ *0.04583
Finegoldia | ® * 0.04265
Merdibacter | ® **0.009722
DSSD61 | o *0.02319

Ly L
0.0 04 08 12 16 5 4 3 2 4140 1 2 3 4 5
Proportions(%) Difference between proportions(%)

©
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respectively.

facilitated by transcellular active transport mechanisms
or diffusion through paracellular routes (Berndt and
Kumar, 2009; Hu et al., 2018). Liu et al. (2016) demon-
strated that the duodenum was the major segment for P
absorption in broiler chickens and was facilitated by a
carrier mediated process. However, a nonsaturated diffu-
sion process was evident in the jejunum and ileum (Liu
et al., 2016). Type-llb sodium-dependent phosphate con-
transporter (NaPi-llb) is a carrier protein involved in P
absorption; it is Na "-dependent and preferentially trans-
ports divalent P (HPO,>") (Levi et al., 2019). Inorganic
Phosphate Transporter 1, 2 (PiT-1,2) belong to the
type III Na-Pi cotransport carriers (Aniteli et al., 2018).
Most of these studies were carried out in mammals
where it has been shown that PiT-1 is highly expressed
along the brush border membrane throughout the small
intestine of the rat, with highest expression in the ileum
(Giral et al., 2009). Moreover, PiT-2 is mostly expressed
in the crypt-villus axis epithelial cells within the mouse
small intestine (Bai et al., 2000). Both proteins are
housekeeping proteins widely distributed in several tis-
sues, and belong to the type-IIl sodium-phosphate
cotransporters (Collins et al., 2004). Dietary supplemen-
tation with BA significantly increased the expression of
PiT-1, 2 in the duodenum and jejunum while the
changes in the ileum were not significant (Figure 5).
However, BA had no effect on the expression of NaPi-llb

in the current experiment. Although the role of PiT-1/2
in intestinal P transport is not fully understood, previ-
ous studies have shown that expression was regulated by
several factors, including P concentration (Virkki et al.,
2007). Extracellular enzymes and especially phytase is
secreted by BA, could catalyze the hydrolysis of phytic
acid in feed grain and increase P concentration in the
digestive tract (Lee et al., 2008). In wvitro studies of
smooth muscle cells, when exposed to elevated concen-
trations of P, the PiT-1/2 cotransporter will act as a P-
sensor, facilitating its transport into cells (Giachelli,

/ —— B.amyloliquefaciens
N
\ PiT-1

’}_ PiT:2

Active transport routes

Paracellular routes - ‘p [
¢

Na-Pi cotransporter

Lymphatic___ 2
vessel

Villi Enterocytes

Figure 5. Schematic representation of possible mechanisms con-
tributing to P absorption. Uptake of P by epithelial cells in the intesti-
nal tract from digesta (transcellular active transport mechanisms and
diffusion through paracellular routes) and PiT-1/2 represent the most
likely locus for BA function in active transport of P.
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2003). This may explains why P absorption in the ante-
rior and middle sections of the small intestine (relatively
high P concentration) is greater than in the posterior
section (relatively low P concentration), indicating that
PiT-1/2 are possible sites for BA promotion of P absorp-
tion by intestinal epithelial cells. Taken together, BA
modulated bone health by impacting mineral acquisition
though upregulation of transporter gene expression and
deposition in the tibia; in agreement with previous
research (Lavoie et al., 2017). Interestingly, AGPs sup-
plementation had little effect on the expression of trans-
porters in the duodenum and jejunum but caused the
most significant upregulation of all transporters in the
ileum. It appears that both BA and AGPs can increase
intestinal P absorption and presumably deposition in
the tibia.

There is evidence that dietary supplementation with
probiotics has a positive effect in regulation of the gut
microbiota (Wang et al., 2016; Gao et al., 2017; Qiu
et al., 2021). In an attempt to better understand this,
we analyzed the microbiota community of excreta.
Although the intestinal microflora were not directly
monitored, a number of studies have shown a good cor-
relation between intestinal and excreta microbiotas of
broilers (Stanley et al., 2015; Andreani et al., 2020). The
analysis of abundance in the excreta microbial commu-
nity showed that BA induced differentially enriched bac-
teria at different taxonomic levels. At the phylum level,
there was an increased abundance of Bacteroidetes
and Verrucomicrobia in BA supplemented birds. The
functions of Bacteroidetes closely associated with carbo-
hydrate, protein, and fiber metabolism, and several
studies have reported that inflammatory bowel problems
are linked to a reduction of Bacteroidetes (Rajilic-
Stojanovic et al., 2011; Huo et al., 2014). Verrucomicro-
bia is known to improve glucose metabolism in animals.
Moreover, the increase in the count of Verrucomicrobia
could contributed to the depletion of pathogenic micro-
organism, such as Escherichia and Shigella (Turnbaugh
et al., 2006; Shin et al., 2014). At the genus level, Muri-
baculaceae, Ruminococcaceae, Akkermansia, and Alis-
tipes species were greatly enriched in the BA group. The
abundance of Muribaculaceae correlates with increased
production of short-chain fatty acids (Smith et al.,
2019). Ruminococcaceae represents an important family
of butyrate-producing bacteria, and as a member of the
Clostridia class, has been implicated as having impor-
tant roles in gastrointestinal health in animals (Schoster
et al., 2017). Butyrate could regulate bone anabolism
via Treg cell-mediated regulation of CD8" T cell
Wnt10b production (Tyagi et al., 2018). In addition to
producing butyrate, Ruminococcus also secretes extra-
cellular digestive enzymes, contributing to digestibility
of nutrients and growth performance (Saburi et al.,
2010). Akkermansia and Alitsipes, may be the main con-
tributors to the polyamine biosynthesis in vivo. The
increased polyamines could mediate enhanced osteoblast
activity and have a positive effect on reducing osteopo-
rosis and increasing bone strength (Chevalier et al.,
2020). In addition, bacteria can also regulate skeleton

health by neuroendocrine signaling pathways inducing
intestinal cells to produce endocrine factors such as oes-
trogen-like molecules, serotonin, and incretin that act as
signals for skeletal cells (Ramsey and Isales, 2017). It is
possible that BA is modulating some of these mecha-
nisms but this requires much further study.

CONCLUSION

The present study demonstrated that dietary supple-
mentation with BA provides similar efficacy as AGPs
for the promotion of growth performance and bone
development of broiler chickens. These responses may
be associated with mechanisms involved in the up-regu-
lation of intestinal P transporters, microbial modulation
and increased P retention. These results are encouraging
and suggesting that probiotics have an important role in
the post-AGP era. The stage is set for the design of
microbiota-based interventions to promote broiler pro-
ductivity. In so doing, probiotics will improve skeletal
health and bird welfare.
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