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a b s t r a c t

Two studies were conducted to investigate the effect of Bacillus amyloliquefaciens CECT 5940 (BA) as a
probiotic on growth performance, amino acid digestibility and bacteria population in broiler chickens
under a subclinical necrotic enteritis (NE) challenge and/or fed diets with different levels of crude protein
(CP). Both studies consisted of a 2 � 2 factorial arrangement of treatments with 480 Ross 308 mix-sexed
broiler chickens. In study 1, treatments included 1) NE challenge (þ/�), and 2) BA (1.0 � 106 CFU/g of
feed) supplementation (þ/�). In study 2, all birds were under NE challenge, and treatments were 1) CP
level (Standard/Reduced [2% less than standard]) and 2) BA (1.0 � 106 CFU/g of feed) supplementation
(þ/�). After inducing NE infection, blood samples were taken on d 16 for uric acid evaluation, and cecal
samples were collected for bacterial enumeration. In both studies, ileal digesta was collected on d 35 for
nutrient digestibility evaluation. In study 1, the NE challenge reduced body weight gain (BWG), supressed
feed conversion ratio (FCR) and serum uric acid levels (P < 0.001). Supplementation of BA increased BWG
(P < 0.001) and reduced FCR (P ¼ 0.043) across dietary treatments, regardless of challenge. Bacillus
(P ¼ 0.030) and Ruminococcus (P ¼ 0.029) genomic DNA copy numbers and concentration of butyrate
(P ¼ 0.017) were higher in birds fed the diets supplemented with BA. In study 2, reduced protein (RCP)
diets decreased BWG (P ¼ 0.010) and uric acid levels in serum (P < 0.001). Supplementation of BA
improved BWG (P ¼ 0.001) and FCR (P ¼ 0.005) and increased Ruminococcus numbers (P ¼ 0.018) and
butyrate concentration (P ¼ 0.033) in the ceca, regardless of dietary CP level. Further, addition of BA
reduced Clostridium perfringens numbers only in birds fed with RCP diets (P ¼ 0.039). At d 35, BA sup-
plemented diets showed higher apparent ileal digestibility of cystine (P ¼ 0.013), valine (P ¼ 0.020), and
lysine (P ¼ 0.014). In conclusion, this study suggests positive effects of BA supplementation in broiler
diets via modulating gut microflora and improving nutrient uptake.
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1. Introduction

The ban of in-feed antimicrobial growth promoters has caused
enteric challenges specifically necrotic enteritis (NE) to become a
significant economical concern for poultry farmers, especially in
the subclinical form, due to a lack of obvious symptoms and thus
delayed treatment (Shojadoost et al., 2012). Necrotic enteritis dis-
ease is estimated to cause US$6 billion annual loss for the global
poultry industry (Wade and Keyburn, 2015). This disease is initiated
by the proliferation of the necrotic enteritis B-like toxin-producing
uction and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is
nses/by-nc-nd/4.0/).
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Fig. 1. Flow diagram of experimental design. (A) Study 1. (B) Study 2. NE ¼ necrotic
enteritis; CP ¼ crude protein level; BA¼ Bacillus amyloliquefaciens CECT 5940
(1.0 � 106 CFU/g of feed).
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Clostridium perfringens strains in the gut (Keyburn et al., 2008).
Excessive and extensive use of antimicrobials, coupled with an
increased interest in food safety and development of antimicrobial-
resistant human pathogenic bacteria, resulted in a great deal of
development in finding alternatives to antibiotics.

Probiotics have shown to be a candidate, presenting beneficial
effects on animal health and welfare (Vuong et al., 2016). In
particular, Bacillus-based probiotics have shown immense reli-
ability due to their spore-forming capacity, which can withstand
environmental stress such as pelletising of feed and a range of
gastrointestinal conditions including low pH (Shivaramaiah et al.,
2011). These bacteria are widely used as probiotics in both hu-
man and veterinary nutrition. It has been proposed that the Bacillus
bacterium can exert positive effects by competitive exclusion of
intestinal pathogens and secretion of antimicrobial compounds
that can inhibit the growth of pathogenic bacteria (Cartman et al.,
2008). This group of bacteria can also produce enzymes such as,
amylase, trypsin and lipase that could potentially aid nutrient
digestion benefiting the host. One of the Bacillus species that has
shown positive effects on broiler production is Bacillus amyloli-
quefaciens (Lei et al., 2015). Although this soil bacterium is very
similar to Bacillus subtilis, differences between their colonization
abilities and enzymes products have been previously observed
(Reva et al., 2004; Welker and Campbell, 1967). It is believed that B.
amyloliquefaciens CECT 5940 (BA) possesses a wide range of anti-
microbial activities that can ultimately improve health in broilers
(Kadaikunnan et al., 2015; Lei et al., 2015).

Apart from NE disease, another concern for the poultry in-
dustry is the high cost of protein sources and environmental
concerns related to high nitrogen excretion. Excessive dietary
protein is known to be one of the predisposing factors that suc-
cumb broiler chickens to NE (Cooper and Songer, 2010). In recent
years, efforts have been made to decrease the crude protein (CP)
level in diets which will lead to reduced nitrogen concentration in
broiler excreta and litter (Torres-Rodriguez et al., 2005). Consid-
ering that dietary protein has a direct effect on water consump-
tion, providing reduced crude protein (RCP) diets can reduce
water consumption and litter moisture (Hernandez et al., 2012),
thus decreasing the incidence of footpad dermatitis (FD). In
addition, supplementation of diets with probiotics has shown to
improve performance in birds fed RCP diets (Katoch et al., 2017;
Suartika et al., 2014). We hypothesized that reducing dietary
protein under challenge conditions might negatively impact the
growth performance of broiler chickens due to reduced ability of
birds to utilize the available nutrients and also due to partitioning
of higher nutrients towards maintenance rather than for growth.
On the other hand, probiotics have shown to increase the avail-
ability of nutrients, and significantly improve performance in
birds fed with RCP diets (Suartika et al., 2014). They have also
shown to increase digestive enzyme activity, protein efficiency
and nutrient retention in broilers (Angel et al., 2005; Murugesan
et al., 2014). In this context, this study aimed to examine if B.
amyloliquefaciens CECT 5490 could improve the gut environment
and reduce the negative effects of NE in chickens, and also have a
positive impact on performance, particularly in birds fed RCP
diets.

2. Materials and methods

2.1. Ethics statement

This experiment was approved by the Animal Ethics Committee
of the University of New England (Approval No. AEC17-127). All
broiler management procedures including health care, husbandry
and use of laboratory animals fulfilled the requirements of the
Australian Code for the Care and Use of Animals for Scientific
Purposes (NHMRC, 2013).

2.2. Experimental design and bird management

Two studies were conducted to evaluate the impact of BA sup-
plementation both under NE challenge and in the presence of diets
with different levels of CP. In both studies, birds (mixed-sex, day-
old Ross-308 broiler chickens) were obtained from Baiada hatch-
ery in Tamworth, NSW, Australia. On arrival, all birds wereweighed,
feather sexed, and the same ratio of males to females was allocated
to each pen. Both studies were designed as a 2 � 2 factorial
arrangement consisting of 480 birds assigned to 32 floor pens with
4 treatments, 8 replicates, and 15 birds per pen. In study 1, the
factors were NE challenge (yes or no) and BA probiotic supple-
mentation (yes or no). In study 2, all birds were challengedwith NE,
and the treatments were dietary CP level (standard or reduced) and
BA probiotic supplementation (yes or no). A flow chart of the
experimental design is shown in Fig. 1.

All pens were within the same environmentally controlled fa-
cility, equipped with tube feeders and cup drinkers. Chickens had
ad libitum access to feed and water. The lighting, relative humidity,
and temperature were maintained following Ross 308 guidelines
(Aviagen, 2014).

2.3. Diets and bird performance

The ingredients and nutrient composition of the diets for both
experiments are shown in Table 1. The diets were formulated based
on wheat and soybean meal. The standard protein (SCP) diets were
formulated to meet the CP levels in Ross 308 guidelines (Aviagen,
2014) (starter 23%, grower 21.5% and finisher 19.5%) and the RCP
diet was formulated to have 2% less CP compared to SCP diets
(starter 21%, grower 19.5% and finisher 17.5%). The reduction in RCP
diet was obtained with additional L-valine, L-isoleucine and L-
arginine, which were also supplied to the diets to ensure the same
amino acid (AA) levels in both treatments. Phytase was included in
all treatments at 0.01% (Quantum Blue, AB vista Feed Ingredients,
Marlborough, UK). Titanium dioxide was added as an indigestible
marker at 0.5% in the grower and finisher diets.

The probiotic, B. amyloliquefaciens CECT 5940, provided by
Evonik Nutrition & Care GmbH had an approximate spore count of
2� 109 CFU/g. Five hundred grams of probiotic was added on top of
1 t of feed, and diets were pelleted at 65 to 70 �C. Final feeds were



Table 1
Ingredients and nutritional content of the experimental diets (%, DM basis).

Item Starter (d 0 to 10) Grower (d 11 to 24) Finisher (d 25 to 35)

SCP RCP SCP RCP SCP RCP

Ingredients
Wheat 39.9 49.6 42.6 52.3 49.2 59.1
Soybean meal 33.2 24.1 29.2 20.1 22.9 13.5
Sorghum 20.0 20.0 20.0 20.0 20.0 20.0
Canola oil 2.83 1.38 3.93 2.47 3.89 2.38
Dicalcium phosphate 1.27 1.33 1.09 1.15 0.98 1.05
Limestone 1.24 1.26 1.16 1.18 1.12 1.14
Salt 0.55 0.55 0.55 0.56 0.48 0.48
DL-methionine 0.34 0.38 0.31 0.35 0.28 0.32
L-lysine-HCl 78% 0.27 0.52 0.25 0.50 0.27 0.53
L-threonine 0.16 0.27 0.14 0.25 0.12 0.23
Vitamin premix1 0.08 0.08 0.08 0.08 0.08 0.08
Trace mineral premix2 0.10 0.10 0.10 0.10 0.10 0.10
L-valine e 0.12 e 0.12 e 0.13
L-isoleucine e 0.11 e 0.11 e 0.12
L-arginine e 0.18 e 0.19 e 0.22
Choline chloride 60% 0.03 0.07 0.03 0.07 0.03 0.07
Phytase 0.01 0.01 0.01 0.01 0.01 0.01
Titanium dioxide e e 0.50 0.50 0.50 0.50

Nutrients content
AMEn, kcal/kg 3,000 3,000 3,090 3,090 3,150 3,150
CP 23.0 21.0 21.5 19.5 19.5 (19.8)3 17.5 (17.6)3

Choline, mg/kg 1,700 1,700 1,600 1,600 1,500 1,500
Linoleic acid 1.68 1.25 1.99 1.56 1.98 1.53
Ca 0.96 0.96 0.87 0.87 0.81 0.81
Av. P 0.48 0.48 0.44 0.44 0.41 0.41
Dig. Lys 1.20 1.20 1.10 1.10 0.98 (1.08)3 0.98 (0.96)3

Dig. Met 0.62 0.62 0.57 0.57 0.51 (0.53)3 0.51 (0.50)3

Dig. Arg 1.33 1.33 1.22 1.22 1.07 (1.13)3 1.07 (1.04)3

Dig. Ile 0.83 0.83 0.77 0.77 0.68 (0.79)3 0.68 (0.73)3

Dig. Val 0.90 0.90 0.84 0.84 0.75 (0.88)3 0.75 (0.82)3

CP ¼ crude protein; SCP ¼ standard protein; RCP ¼ reduced protein.
1 Vitamin premix supplied the following per kilogram of diet: retinol, 12,000 IU; cholecalciferol, 5,000 IU; tocopheryl acetate, 75 mg, menadione, 3 mg; thiamine, 3 mg;

riboflavin, 8 mg; niacin, 55 mg; pantothenate, 13 mg; pyridoxine, 5 mg; folate, 2mg; cyanocobalamin, 16mg; biotin, 200mg; cereal-based carrier, 149mg; mineral oil, 2.5 mg.
2 Trace mineral premix supplied the following per kilogram of diet: Cu (sulfate), 16 mg; Fe (sulfate), 40 mg; I (iodide), 1.25 mg; Se (selenate), 0.3 mg; Mn (sulfate and oxide),

120 mg; Zn (sulfate and oxide), 100 mg; cereal-based carrier, 128 mg; mineral oil, 3.75 mg.
3 Analyzed content in parenthesis.
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checked for the spore count and theymet the expected spore count
level 1 � 106 CFU/g of feed.

Birds were fed in starter (d 0 to 10), grower (d 11 to 24), and
finisher (d 25 to 35) phases. Birds and feed were weighed on arrival
and on d 10, 24, and 35, and mortality was recorded daily. Body
weight gain (BWG), feed intake (FI), and mortality adjusted feed
conversion ratio (FCR) were calculated for all phases.

2.4. Necrotic enteritis challenge

On d 9, birds in the challenged groups were inoculated per os
with 1 mL of Eimeria strains, a suspension of 5,000 sporulated
oocysts of field strains both of Eimeria acervulina and Eimeria
maxima, and 2,500 sporulated oocysts of Eimeria brunetti (Eimeria
Pty Ltd, Ringwood, Vic, Australia). Non-challenged groups were
gavaged with sterile PBS. On d 14 and 15, birds in the challenged
group were inoculated per os with 1 mL of C. perfringens EHE-NE18
(108 CFU/mL), whereas the non-challenged birds were inoculated
with sterile thioglycolate broth.

2.5. Sample collection, lesion scoring and uric acid evaluation

Four birds (2 males and 2 females) per pen were randomly
selected and weighed on d 16. These birds were then electrically
stunned, and blood samples were immediately collected from the
jugular vein of both male birds. Blood samples were collected into
vacutainers that contained spray-coated silica and a polymer gel for
serum separation, and the samples were stored at 4 �C before being
centrifuged at 1,500 � g at 4 �C for 10 min to separate the serum.
Serum samples were separated and stored at �20 �C until analysis.
Serum samples were analyzed for uric acid concentration using an
integrated chemistry analyzer (Siemens Dimension Xpand Plus,
Newark, NJ, US).

The whole jejunum (from the pancreatic loop to Meckel's
diverticulum) was excised from all the sampled birds and examined
for lesion scores according to Broussard et al. (1986). Two experi-
enced personnel with no knowledge of the treatment allocation of
the birds performed the lesion scoring. Ileal and cecal pH values
were measured by inserting an EcoScan 5/6 pH meter (Envir-
osensors spear tip pH probe, Australia) probe directly into the distal
ileum and caeca. Cecal and ileal contents were then separately
collected into sterile 50-mL tubes. Approximately 1 mL of the
pooled cecal contents were placed in sterile 2-mL Eppendorf tubes,
snap-frozen in liquid nitrogen, and stored at �20 �C for DNA
extraction. The remaining samples were stored at �20 �C for short-
chain fatty acid (SCFA) evaluation.

2.6. Digesta collection, carcass parameters and footpad lesion
measurements

Four birds (2 males and 2 females) per pen were randomly
selected, weighed, electrically stunned and euthanized by cervical
dislocation on d 35. Abdominal fat (considered as the fat from the
proventriculus surrounding the cloaca and adjacent to the
abdominal muscle) was taken out and weighed. Abdominal fat
was then expressed as a percentage of live BW. The digesta
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contents from the distal ileum frommale birds were collected and
pooled by gently squeezing the digesta into 50-mL plastic con-
tainers and stored at �20 �C for nutrient digestibility analysis. All
sampled birds were then processed for breast (skinless and
boneless), thigh (with skin and bone) and drumstick weights as a
proportion of determinations of live weight. All individual birds
from each pen were scored for FD on d 35. The score of FD was
determined according to the method of Allain et al. (2009). A 10-
point (ranging from 0 to 9) scale was used based on the extent and
appearance of lesions: 0 indicated no lesions and 9 the most
macroscopic deep lesions.
2.7. Microbial analysis of cecal contents

The method described by Kheravii et al. (2017) was used for
DNA extraction. In brief, approximately 60 mg of frozen cecal
samples were placed into a 2-mL Eppendorf tube that contained
300 mg of glass beads (0.1 mm). With the use of QIAxtractor DNA
Reagents, and QIAxtractor DNA plasticware (Qiagen, Inc., Don-
caster, VIC, Australia), samples were lysed with 300 mL of Qiagen
Lysis Buffer with cells disrupted by shaking the tubes in a bead
beater mill (Retsch GmbH& Co, Haan, Germany) for 5 min at 30 Hz
frequency. Then the samples were placed in a heating block for
2 h at 55 �C followed by 5 min centrifugation at 20,000 � g. The X-
tractor-Gene automated DNA extraction system (Corbett Life Sci-
ence, Sydney, Australia) was used for DNA extraction. Reagents
(DXB, DXW, DXF, and DXE) were placed in their specific locations
in the robotics machine together with 200 mL of the lysate
transferred automatically into loading block. Then 400 mL of the
binding buffer (DXB) was added to the 200-mL lysate and incu-
bated for 6 min, and then 500 mL of the lysed samples were
transferred into capture columns and vacuumed at 30 kPa for
3 min. Following this, 600 mL of DXW was transferred to the
capture columns and vacuumed for 30 kPa for 2 min, 600 mL of
DXF was transferred to the columns and vacuumed at 35 kPa for
1 min, and DNAwas dried by vacuuming again at 25 kPa for 5 min.
Finally, an elution block was used to elute the extracts by the
addition of 60 mL of DXE and the samples were vacuumed at
30 kPa for 2 min. The resulting DNA samples were measured on a
Nanodrop 8000 spectrophotometer (Nanodrop Technologies,
Wilmington, DE, USA) for assessment of quantity and purity. DNA
with ratios of A260 to A280 and A260 to A230 being greater than
1.8 were considered of high purity and were stored at �20 �C. The
extracted cecal DNA were diluted 20 times in Milli-Q water, and
the real-time quantitative polymerase chain reaction (qPCR) was
performed using a SensiMix-SYBRR (Bioline, Sydney, Australia)
reagent. The SYBRGreen (SensiMix SYBR No-Rox, Bioline, Sydney,
Australia) reagent was used in qPCR, and a volume of 10 mL or the
reaction contained 5 mL of 2 � SensiMix, 300 mmol/L of each
primer and 2 mL of DNA template. The genome copies of Bacillus,
Bacteroides. Bifidobacteria, Lactobacillus, Ruminococcus spp. and
for C. perfringens, SensiFAST Probe SYBR No-ROX (Bioline, Sydney,
Australia) were used (Table 2). The PCR was performed in dupli-
cate, and if the difference of the threshold cycle (Ct) values be-
tween the duplicates were greater than 0.5, the assay of the
sample was repeated. Rotorgene 6500 real-time (Corbett
Research, Sydney, Australia) PCR was used to perform PCR, and a
threshold cycle average from the duplicate samples was used for
data analysis. The concentrations of the plasmid DNA were
measured using NanoDrop ND-8000 (Thermo Fisher Scientific,
Waltham, MA) prior to the serial dilutions. The number of target
DNA copies was calculated from the mass of DNA, taking into
account the size of the amplicon inserted in the plasmid. Bacteria
quantity were expressed as log10 (genomic DNA copy number)/g
digesta.

2.8. Short chain fatty acids analysis of cecal contents

The SCFA analysis followed the method described by Jensen et
al. (1995). In brief, approximately 1 g of ceca was weighed, and
1 mL of internal standard (0.01 mol/L methyl butyric acid) was
added, the solution was vortexed and centrifuged for 20 min at
15,000� g at 5 �C. Then,1 mL of the supernatant was transferred to
8-mL vials, and 0.5 mL of concentrated HCl (36%) and 2.5 mL of
ether was added. The mixture was vortexed, centrifuged at 1,000 �
g for 15 min at 5 �C. The 400 mL of the resulting supernatant was
then mixed with 40 mL of N-tert-butyldimethylsilyl-N-methyl tri-
fluoroacetamide. Samples were then vortexed and heated on a
heating block at 80 �C for 20 min. Before analyzing samples on a
Varian CP3400 CX gas Chromatograph (Varian Analytical In-
struments, Palo Alto, CA, USA), the vials were kept at room tem-
perature for 48 h. SCFA concentrations were expressed as
micromole per gram digesta.

2.9. Amino acid digestibility

Ileal digesta samples collected on d 35 were freeze-dried
at �50 �C for 5 d and finely ground with an electrical grinder to
pass through a 0.5-mm sieve to ensure a homogenous mixture. The
diets and digesta samples were analyzed for dry matter (DM) by
placing duplicate samples in a drying oven at 105 �C for 36 h to
constant weight. The diet and freeze-dried digesta samples were
analyzed for AA content by an amino acid analyzer, according to
AOAC (2005) bymethod 930.15 at Evonik's AMINOLab in Singapore.
Titanium dioxide (indicator) concentrations were determined in
duplicate for diets and digesta samples by the colorimetric method
described by Short et al. (1996). The coefficient of apparent ileal
digestibility of the AA was calculated with the following formula:

Coefficients of ileal apparent digestibility (CIAD) ¼ [100 �
(100 � Id � AAdc/Idc � AAd)]/100,
where Id is content of the indicator in DM of diet, AAdc is amino
acid content in DM of digesta, Idc is indicator content in DM of
digesta, AAd is AA content of DM of diet.

2.10. Litter moisture

On d 35, approximately 1 kg of pooled litter from 6 locations of
the pen (around the feeder, drinkers, middle, and corners) was
collected and immediately stored in 2 zip tight bags to avoid any
evaporation and/or moisture absorption of the samples. Samples
were stored at �20 �C for later analysis. For evaluating the litter
moisture, plastic bags were kept in room temperature for 5 h to
thaw, and approximately 0.5-kg subsamples were obtained and
weighed accurately before drying in the oven at 105 �C for 24 h. The
moisture content was calculated according to the method pre-
sented by Barker et al. (2013).

2.11. Statistical analysis

The data were analyzed by SPSS statistics package version 22
(IBM Corporation, Armonk, NY, United States). Intestinal lesions, FD
scoring andmortality datawere analyzed using the non-parametric
KruskaleWallis test as the datawas not normally distributed. Mean
values of the treatments were compared within the confidence
interval adjusted by Tukey test. All significant differences were
determined at P < 0.05.



Table 2
Primers used for the qPCR analysis of different bacteria groups.

Target group Primer/probe sequence (5ʹe3ʹ) Amplicon
length, bp

Annealing
temperature, �C

Reference

Bacillus spp. F-GCA ACG AGC GCA ACC CTT GA
R-TCA TCC CCA CCT TCC CC GGT

92 63 Zhang et al. (2015)

Bacteroides spp. F-GAG AGG AAG GTC CCC CAC
R-CGC TAC TTG GCT GGT TCA G

108 63 Layton et al. (2006)

Bifidobacterium spp. F-GCG TCC GCT GTG GGC
R-CTT CTC CGG CAT GGT GTT G

106 63 Requena et al. (2002)

Clostridium perfringens F-GCA TAA CGT TGA AAG ATG G
R-CCT TGG TAG GCC GTT ACC C
TaqMan probe: 5ʹ-FAM-TCA TCA TTC AAC CAA AGG AGC AAT CC-TAMRA-3ʹ

120 60 Kheravii et al. (2018)

Lactobacillus spp. F-CAC CGC TAC ACA TGG AG
R-AGC AGT AGG GAA TCT TCC A

186 63 Wise and Siragusa (2007)

Ruminococcus spp. F-GGC GGC YTR CTG GGC TTT
R-CCA GGT GGA TWA CTT ATT GTG TTAA

157 63 Ramirez-Farias et al. (2008)

qPCR ¼ real time quantitative PCR; F ¼ forward primer; R ¼ reverse primer.
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3. Results

3.1. Broiler performance (studies 1 and 2)

The effects of BA and NE challenge on broiler performance in the
periods from 0 to 10 d, 0 to 24 d, and 0 to 35 d are presented in
Table 3. In study 1, the NE challenge significantly affected bird
performance by reducing BWG (P < 0.001) and FI (P < 0.001) and
increasing FCR (P < 0.001) during d 0 to 24 and overall period of the
trial. However, the supplementation of BA significantly increased
BWG (P¼ 0.001, P< 0.001) and FI (P¼ 0.007, P < 0.001) and resulted
in lower FCR (P ¼ 0.017, P ¼ 0.043) in the 0 to 24 and 0 to 35 d
periods, respectively. Nevertheless, no interaction between BA and
NE challenge was observed in these periods. The effects of BA
supplementation and dietary CP level on performance in the pe-
riods from 0 to 10 d, 0 to 24 d and 0 to 35 d are shown in Table 4.
Results in study 2 shows a significant reduction of BWG with the
RCP diet (P ¼ 0.01) in the overall period of the experiment (d 0 to
35), whereas the BA supplementation significantly improved BWG
(P ¼ 0.001) regardless of the CP level. Birds fed RCP diets showed a
significantly higher FCR from d 0 to 24 (P < 0.001) and d 0 to 35
(P ¼ 0.006). However, BA supplementation significantly reduced
FCR regardless of dietary CP level over 0 to 24 d (P¼ 0.022) and 0 to
35 d (P ¼ 0.005). No interaction between BA and CP levels was
Table 3
Performance of broiler chickens in response to probiotic and necrotic enteritis challenge

Treatments BWG, g FI, g

Challenge BA, g/t 0 to 10 d 0 to 24 d 0 to 35 d 0 to

No 0 129 787 1,737 140
No 500 133 871 1,903 141
Yes 0 130 676 1,543 140
Yes 500 132 718 1,658 140
SEM 0.93 13.8 22.6 1.59
P-value
Source
Challenge 0.903 <0.001 <0.001 0.80
BA 0.166 0.001 <0.001 0.94
Challenge � BA 0.741 0.056 0.300 0.79

Main effect
Challenge
No 131 829a 1,820a 141
Yes 131 698b 1,600b 140

BA
0 130 735b 1,640b 141
500 g/t 133 795a 1,780a 140

BWG ¼ body weight gain per bird; FI ¼ feed intake per bird; FCR ¼ feed conversion rati
a, bMeans in a column not sharing the same superscripts are significantly different accor

1 Each value represents the mean of 8 replicates (total number of birds per replicate).
observed (P > 0.05). Overall mortality was not significantly affected
by NE and BA supplementation and different CP levels (data not
shown).

3.2. Intestinal lesion score (studies 1 and 2)

As illustrated in Fig. 2, on d 16, in study 1, the NE challenge
resulted in a significantly higher prevalence of lesions in the
jejunum (P ¼ 0.001) compared to the non-challenged birds, and
probiotic supplementation had no significant effect on lesion score
(P > 0.05). In study 2, there were no significant interactions be-
tween dietary level and supplementing BA on intestinal lesion
scores (data not shown).

3.3. Meat and fat pad percentage (studies 1 and 2)

Study 1 results are illustrated in Table 5, which shows that on
d 16, the NE challenge reduced ileal pH (P < 0.001). On d 35, the NE
challenge reduced breast yield (P < 0.001) relative to the body
weight. Footpad dermatitis lesions were significantly higher in NE
challenged birds (P ¼ 0.024). Furthermore, litter moisture and
overall mortality were not significantly affected by either the NE
challenge or BA supplementation (P > 0.05). In study 2, RCP fed
birds had a significantly higher fat pad percentage relative to their
.1

FCR

10 d 0 to 24 d 0 to 35 d 0 to 10 d 0 to 24 d 0 to 35 d

1021 2453 1.084 1.298 1.412
1107 2644 1.066 1.271 1.389
925 2343 1.077 1.356 1.520
962 2435 1.056 1.342 1.490
14.3 19.7 0.008 0.010 0.011

3 <0.001 <0.001 0.624 <0.001 <0.001
8 0.007 <0.001 0.242 0.017 0.043
6 0.114 0.326 0.958 0.143 0.800

1,064a 2,548a 1.075 1.284b 1.401b

945b 2,386b 1.067 1.349a 1.505a

976b 2,398b 1.081 1.325a 1.466a

1,035a 2,546a 1.061 1.306b 1.440b

o; BA¼ Bacillus amyloliquefaciens CECT 5940 (1.0 � 106 CFU/g of feed).
ding to Tukey test (P < 0.05).



Table 4
Performance of broiler chickens in response to probiotic and crude protein levels under necrotic enteritis challenge.1

Treatments BWG, g FI, g FCR

CP level BA, g/t 0 to 10 d 0 to 24 d 0 to 35 d 0 to 10 d 0 to 24 d 0 to 35 d 0 to 10 d 0 to 24 d 0 to 35 d

Standard2 0 130 657 1,543 140 897 2,343 1.112 1.365 1.520
Standard2 500 132 718 1,658 140 962 2,469 1.089 1.342 1.490
Reduced3 0 128 674 1,480 148 979 2,344 1.130 1.455 1.586
Reduced3 500 129 660 1,574 145 920 2,389 1.115 1.397 1.520
SEM 0.97 11.6 17.1 1.59 15.7 19.0 0.009 0.011 0.010
P-value
Source
CP 0.173 0.380 0.010 0.050 0.520 0.269 0.073 <0.001 0.006
BA 0.557 0.309 0.001 0.610 0.915 0.022 0.129 0.022 0.005
CP � BA 0.653 0.117 0.698 0.761 0.051 0.256 0.497 0.304 0.254

Main effect
CP
Standard 131 687 1,600a 140 930 2,406 1.100 1.353b 1.505b

Reduced 129 667 1,527b 146 950 2,367 1.122 1.426a 1.552a

BA
0 129 665 1,512b 144 938 2,344b 1.120 1.410a 1.553a

500 g/t 131 689 1,616a 142 941 2,429a 1.102 1.369b 1.505b

BWG ¼ body weight gain/bird; FI ¼ feed intake/bird; FCR ¼ feed conversion ratio; BA ¼ Bacillus amyloliquefaciens CECT 5940 (1.0 � 106 CFU/g of feed).
a, bMeans in a column not sharing the same superscripts are significantly different according to Tukey test (P < 0.05).

1 Each value represents the mean of 8 replicates (total number of birds per replicate).
2 Standard crude protein level according to recommendation.
3 Reduced crude protein diets with 2% lower protein than standard diets.

Fig. 2. Effect of Bacillus amyloliquefaciens CECT 5940 (BA; 1.0 � 106 CFU/g of feed) and necrotic enteritis challenge on jejunum lesion scores at d 16. Values are means ± SEM. NO,
non-challenged; YES, necrotic enteritis challenge. Birds did not have lesion scores higher than 2.
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body weights (P < 0.001) compared to birds fed the SCP diets. On
the other hand, birds fed RCP diets had significantly lower
(P ¼ 0.013) litter moisture compared to birds fed SCP diets. Meat
yield and overall mortality were not significantly affected by CP
level or BA supplementation (Table 6).
3.4. Cecal bacterial quantification (studies 1 and 2)

As shown in Table 7, in study 1, the NE challenge significantly
increased C. perfringens (P < 0.001), and Bacteroides numbers
(P¼ 0.001), whereas decreased Bifidobacterium (P¼ 0.036), Bacillus
(P ¼ 0.002) and Ruminococcus (P < 0.001) populations in the caeca
at d 16. However, the supplementation of BA significantly increased
Bacillus and Ruminococcus populations in the caeca (P ¼ 0.030 and
P ¼ 0.029, respectively). In study 2, BA supplementation signifi-
cantly increased the number of Ruminococcus (P ¼ 0.018) and Bifi-
dobacterium (P ¼ 0.027) in the cecum, regardless of the protein
level. A significant interaction was observed between CP level and
BA (P ¼ 0.039), where the RCP diet with supplementation of BA
resulted in the reduction of C. perfringens content in the cecum.
Neither BA nor CP level had an impact on the other groups of
bacteria evaluated (P > 0.05) (Table 8).
3.5. Short chain fatty acid concentration (studies 1 and 2)

The SCFA concentrations were measured in the cecal content
collected on d 16 in both studies (Tables 9 and 10). In study 1, NE
challenge significantly reduced acetate (P ¼ 0.001) and butyrate
(P < 0.001) concentrations and increased lactate (P¼ 0.001) level in
the cecal contents. The BA supplementation increased butyrate
(P ¼ 0.017) concentration in the cecum. Formate, propionate, iso-
butyrate, isovalerate, valerate, and succinate concentrations were
not significantly affected by either the NE challenge or BA supple-
mentation (P > 0.05). No interaction between NE challenge and BA
supplementation was observed for SFCA (P > 0.05).

In study 2, RCP fed birds had higher acetate (P ¼ 0.030), propi-
onate (P ¼ 0.017), and butyrate (P ¼ 0.039) concentrations in the
cecal contents compared to birds fed the SCP diets (Table 10).



Table 5
Day 16 ileum and cecum pH, and d 35 meat and fat yield, litter moisture, footpad dermatitis (FD) and overall mortality in responses to the necrotic enteritis challenge and
probiotic supplementation.

Treatments pH1 Meat and fat yield,1 % Litter moisture,2 % FD3 Overall mortality, %

Challenge BA, g/t Ileum Cecum Breast Thigh Fat pad

No 0 6.18 6.55 19.4 10.1 0.96 24.7 0.010 2.50
No 500 6.20 6.69 20.5 9.87 0.90 29.7 0.087 2.50
Yes 0 5.65 6.38 17.9 9.75 0.96 27.6 0.163 2.50
Yes 500 5.79 6.45 18.4 9.58 0.97 27.8 0.193 3.33
SEM 0.06 0.07 0.25 0.09 0.01 1.47 0.135 1.62
P-value
Source
Challenge <0.001 0.130 <0.001 0.112 0.058 0.874 0.024 0.802
BA 0.434 0.451 0.046 0.350 0.255 0.393 0.906 0.802
Challenge � BA 0.550 0.786 0.386 0.727 0.121 0.443 0.443 0.802

Main effect
Challenge
No 6.19a 6.62 19.9a 9.9 0.92 27.2 0.098b 2.50
Yes 5.72b 6.41 18.1b 9.7 0.96 27.7 0.178a 2.91

BA
0 5.92 6.47 18.6b 9.90 0.96 26.1 0.136 2.50
500 g/t 5.99 6.57 19.3a 9.72 0.94 28.8 0.140 2.91

BA ¼ Bacillus amyloliquefaciens CECT 5940 (1.0 � 106 CFU/g of feed).
a, bMeans in a column not sharing the same superscripts are significantly different according to Tukey test (P < 0.05).

1 Each value represents the mean of 8 replicates (2 birds per replicate).
2 Each value represents the mean of 8 replicates.
3 Each value represents the mean of 8 replicates (total number of birds per replicate).

Table 6
Day 16 ileum and cecum pH, d 35 meat yield, fat pad, litter moisture and footpad dermatitis (FD) and overall mortality in responses to crude protein levels and probiotic
supplementation.

Treatments pH1 Meat yield,1 % Litter moisture,2 % FD3 Overall mortality, %

CP BA, g/t Ileum Cecum Breast Thigh Fat pad

Standard4 0 5.65 6.38 18.1 9.75 0.96 27.6 0.163 2.50
Standard4 500 5.79 6.45 18.3 9.66 0.97 27.8 0.193 3.33
Reduced5 0 5.70 6.38 17.2 9.47 1.08 16.9 0.087 3.33
Reduced5 500 5.66 6.38 18.1 9.74 1.06 23.5 0.082 0.83
SEM 0.05 0.06 0.18 0.07 0.01 1.56 0.132 1.40
P-value
Source
CP 0.714 0.787 0.149 0.453 <0.001 0.013 0.001 0.573
BA 0.643 0.798 0.186 0.551 0.483 0.243 0.615 0.573
CP � BA 0.385 0.820 0.278 0.213 1.000 0.282 0.504 0.263

Main effect
CP
Standard 5.72 6.41 18.2 9.70 0.963b 27.7a 0.178a 2.92
Reduced 5.77 6.38 17.7 9.60 1.068a 20.2b 0.084b 2.08

BA
0 5.67 6.38 17.7 9.61 1.01 22.3 0.125 2.08
500 g/t 5.72 6.41 18.2 9.69 1.00 25.6 0.138 2.92

BA ¼ Bacillus amyloliquefaciens CECT 5940 (1.0 � 106 CFU/g of feed).
a, bMeans in a column not sharing the same superscripts are significantly different according to Tukey test (P < 0.05).

1 Each value represents the mean of 8 replicates (2 birds per replicate).
2 Each value represents the mean of 8 replicates.
3 Each value represents the mean of 8 replicates (total number of birds per replicate).
4 Standard crude protein level according to recommendation.
5 Reduced crude protein diets with 2% lower protein than standard diets.
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Supplementation of BA significantly decreased isobutyrate
(P ¼ 0.004), isovalerate (P ¼ 0.003) and lactate (P ¼ 0.034) con-
centrations whereas increased acetate (P ¼ 0.020) and butyrate
(P¼ 0.033) concentrations in the cecum. No interaction between CP
level � BA was observed for SCFA (P > 0.05).

3.6. Serum uric acid (studies 1 and 2)

Serum uric acid levels on d 16 of both studies are shown in Fig. 3,
illustrating a significant decrease in uric acid levels induced by the
NE challenge (P < 0.001) (Fig. 3A) in study 1. As shown in Fig. 3B, in
study 2, birds fed with RCP diets had significantly lower uric acid
concentrations compared to SCP diets (P < 0.001).

3.7. Apparent ileal amino acid digestibility (studies 1 and 2)

The apparent ileal amino acid digestibility in response to the NE
challenge and BA supplementation in broiler chickens at d 35 is
shown in Table 11. No significant effect of NE challenge was
observed in the digestibility coefficients (P > 0.05) and no in-
teractions were observed between NE challenge and BA supple-
mentation (P > 0.05). However, BA supplementation improved the



Table 7
Bacterial population in cecal content of birds in response to necrotic enteritis challenge and probiotic supplementation at d 16.1

Treatment Bacterial quantity (log10 genomic DNA copy number/g digesta)

Challenge BA, g/t Bacillus Bacteroides Bifidobacterium Lactobacillus C. perfringens Ruminococcus

No 0 7.96 9.83 6.92 9.30 6.22 10.1
No 500 8.30 10.0 6.98 9.32 5.84 10.2
Yes 0 7.06 10.3 5.50 9.40 9.70 9.62
Yes 500 7.74 10.5 6.42 9.51 10.2 9.91
SEM 0.13 0.08 0.24 0.04 0.51 0.06
P-value
Source
Challenge 0.002 0.001 0.036 0.069 <0.001 <0.001
BA 0.030 0.089 0.281 0.401 0.530 0.029
Challenge � BA 0.256 0.878 0.352 0.647 0.370 0.193

Main effect
Challenge
No 8.13a 9.93b 6.95a 9.31 5.99b 10.2a

Yes 7.43b 10.4a 5.96b 9.46 9.92a 9.77b

BA
0 7.55b 10.1 6.21 9.35 8.83 9.88b

500 g/t 8.02a 10.3 6.70 9.41 8.56 10.0a

BA ¼ Bacillus amyloliquefaciens CECT 5940 (1.0 � 106 CFU/g of feed).
a, bMeans in a column not sharing the same superscripts are significantly different according to Tukey test (P < 0.05).

1 Each value represents the mean of 8 replicates.

Table 8
Bacterial populations in cecal content of necrotic enteritis challenged birds in response to dietary crude protein level and probiotic supplementation at d 16.1

Treatment Bacterial quantity (log10 genomic DNA copy number/g digesta)

CP BA, g/t Bacillus Bacteroides Bifidobacterium Lactobacillus C. perfringens Ruminococcus

Standard2 0 7.06 10.4 5.50 9.40 10.4a 9.62
Standard2 500 7.74 10.5 6.92 9.51 10.3a 9.88
Reduced3 0 7.28 10.6 5.12 9.42 10.3a 9.80
Reduced3 500 7.45 10.6 5.84 9.42 9.50b 9.95
SEM 0.13 0.03 0.23 0.04 0.04 0.08
P-value
Source
CP 0.814 0.201 0.159 0.657 0.083 0.136
BA 0.127 0.761 0.027 0.528 0.047 0.018
Crude protein � BA 0.353 0.298 0.264 0.566 0.039 0.476

Main effect
CP
Standard 7.43 10.50 6.09 9.46 10.32 9.76
Reduced 7.37 10.61 5.48 9.42 9.95 9.88

BA
0 7.18 10.5 5.33b 9.41 10.3 9.71b

500 g/t 7.60 10.6 6.33a 9.47 9.92 9.91a

BA ¼ Bacillus amyloliquefaciens CECT 5940 (1.0 � 106 CFU/g of feed).
a, bMeans in a column not sharing the same superscripts are significantly different according to Tukey test (P < 0.05).

1 Each value represents the mean of 8 replicates.
2 Standard crude protein level according to recommendation.
3 Reduced crude protein diets with 2% lower protein than standard diets.
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digestibility of cystine (P ¼ 0.006), valine (P ¼ 0.047), glycine and
serine (P ¼ 0.010).

The apparent ileal amino acid digestibility in responses to the CP
level and BA supplementation (study 2) in challenged broiler
chickens at d 35 are shown in Table 12. Supplementation of BA
improved the digestibility of lysine (P¼ 0.014), cysteine (P¼ 0.013),
and valine (P ¼ 0.020). The RCP diet had significantly higher valine
digestibility compared to SCP (P ¼ 0.004). No interaction was
observed between CP level and BA supplementation (P > 0.05).

4. Discussion

In the current study, the supplementation of BA as an in-feed
probiotic improved growth performance and increased beneficial
bacterial populations in the NE challenged chickens. It also
improved FCR and enhanced ileal digestibility of several important
amino acids in broilers fed diets containing different levels of
protein under a subclinical necrotic enteritis challenge. The results
of this study suggest that the inclusion of BA in broiler feed could
act as an additive to alleviate the adverse effects of subclinical NE
challenge and improve feed efficiency in birds fed with standard or
RCP diets, thus leading to improved performance and production.

A successful subclinical NE challenge was induced after the
inoculation of birds with Eimeria and C. perfringens shown by
impaired performance and higher intestinal lesion scores, but no
significant NE-induced mortality was observed (Mot et al., 2013).
Birds fed BA supplemented diets had higher BWG and lower FCR
compared to those fed the control diet. This improved performance
observed as a result of the addition of BA has also been reported in
other studies indicating the effectiveness of some BA strains as feed
additives (Ahmed et al., 2014; Lei et al., 2015). Such improved
growth performance by Bacillus spp. in broilers has primarily been



Table 9
Concentration of short-chain fatty acids in cecal content in responses to the necrotic enteritis challenge and probiotic supplementation in chickens at d 16.1

Treatment Short chain fatty acid concentration, mmol/g

Challenge BA, g/t Formate Acetate Propionate Isobutyrate Butyrate Isovaleric Valerate Lactate Succinate

No 0 1.16 86.0 3.84 0.71 30.9 0.42 0.92 0.79 13.3
No 500 1.88 90.0 3.79 0.67 34.7 0.34 0.84 0.78 16.2
Yes 0 1.21 64.5 5.45 0.85 12.7 0.56 1.20 27.9 15.3
Yes 500 0.93 68.3 4.66 0.79 19.2 0.45 1.00 18.3 8.84
SEM 0.17 3.26 0.31 0.05 1.95 0.03 0.06 3.59 1.24
P-value
Source
Challenge 0.286 0.001 0.055 0.188 <0.001 0.063 0.101 0.001 0.292
BA 0.716 0.623 0.500 0.706 0.017 0.181 0.319 0.433 0.331
Challenge � BA 0.150 0.651 0.476 0.723 0.425 0.473 0.452 0.288 0.058

Main effect
Challenge
No 1.45 87.9a 3.82 0.69 32.7a 0.38 0.89 0.80b 14.8
Yes 1.08 66.5b 5.04 0.81 15.7b 0.50 1.09 23.1a 12.2

BA
0 1.18 74.7 4.73 0.78 21.2b 0.49 1.06 15.61 14.48
500 g/t 1.31 77.6 4.31 0.74 26.4a 0.41 0.94 11.29 12.13

BA ¼ Bacillus amyloliquefaciens CECT 5940 (1.0 � 106 CFU/g of feed).
a, bMeans in a column not sharing the same superscripts are significantly different according to Tukey test (P < 0.05).

1 Each value represents the mean of 8 replicates (2 birds per replicate).

Table 10
The concentration of short-chain fatty acids in the cecal content of necrotic enteritis challenged birds in responses to the dietary crude protein level and probiotic supple-
mentation in chickens at d 16.1

Treatment Short chain fatty acid concentration, mmol/g

Crude protein BA, g/t Formate Acetate Propionate Isobutyrate Butyrate Isovaleric Valerate Lactate Succinate

Standard2 0 1.02 64.5 5.45 1.04 15.3 0.56 1.49 17.5 15.3
Standard2 500 0.83 68.3 4.66 0.79 15.0 0.45 1.21 16.7 13.6
Reduced3 0 0.79 67.8 6.93 1.44 15.6 0.75 1.82 30.3 10.9
Reduced3 500 1.42 84.4 7.04 0.90 24.6 0.40 1.61 10.2 18.7
SEM 0.13 2.37 0.40 0.08 1.33 0.04 0.10 0.62 1.37
P-value
Source
CP 0.402 0.030 0.017 0.080 0.039 0.467 0.054 0.610 0.834
BA 0.293 0.020 0.706 0.004 0.033 0.003 0.195 0.034 0.186
CP � BA 0.139 0.126 0.570 0.308 0.079 0.123 0.915 0.057 0.087

Main effect
CP
Standard2 0.92 66.5b 5.04b 0.91 15.2b 0.50 1.34 17.2 14.4
Reduced3 1.15 76.1a 6.99a 1.16 20.4a 0.56 1.71 19.2 15.0

BA
0 0.89 66.3b 6.28 1.27a 15.4b 0.66a 1.67 23.9a 12.9
500 g/t 1.18 76.7a 5.98 0.85b 20.8a 0.42b 1.43 12.8b 16.5

BA ¼ Bacillus amyloliquefaciens CECT 5940 (1.0 � 106 CFU/g of feed).
a, bMeans in a column not sharing the same superscripts are significantly different according to Tukey test (P < 0.05).

1 Each value represents the mean of 8 replicates (2 birds per replicate).
2 Standard crude protein level according to recommendation.
3 Reduced crude protein diets with 2% lower protein than standard diets.
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related to their ability to regulate the intestinal microbiota. They
can exert antimicrobial activity by producing antimicrobial pep-
tides and lytic enzymes (Boottanun et al., 2017), resulting in a
reduction of harmful bacterial colonization and further facilitating
the intestinal micro-ecosystem (Guo et al., 2006). In agreement
with our previous study (Gharib-Naseri et al., 2019), the current
study showed that NE challenge led to a reduced population of
beneficial bacteria such as Ruminococcus spp. and Bacillus spp.
However, the supplementation of BA significantly increased the
numbers of these two groups of bacteria (Ruminococcus spp. and
Bacillus spp.) in the cecal contents.

Bacillus amyloliquefaciens can produce peptide antibiotics such
as lantibiotic, subtilisin, and mersacidin that can suppress the
growth of potentially pathogenic bacteria (Tang et al., 2018;
Ulyanova et al., 2011), and this may lead to a more suitable
intestinal environment for beneficial bacteria such a Ruminococcus
spp. to develop. Changes in the microbiota have direct effect on the
SCFA concentrations in the gut (den Besten et al., 2013). Cao et al.
(2018) reported that supplementation of BA changed cecal
metabolomics such as glyceride and amino acid contents and
increased Ruminococcus spp. numbers in the ceca of broilers. The
Ruminococcus spp. are known as butyrate-producing bacteria
which utilize complex plant-derived carbohydrates, especially
fibrous content, to produce butyrate (Apajalahti and Vienola, 2016).
In the current results, the increased concentration of butyrate in
both studies is in line with the increased numbers of Ruminococcus
numbers. On the other hand, Ruminococcus spp. is also able to
produce digestive enzymes such as cellulase, xylanase, and cello-
biose (Flint et al., 1991; Pettipher and Latham, 1979; Saburi et al.,
2010), therefore, can contribute to improved digestibility of



Fig. 3. Effect of Bacillus amyloliquefaciens CECT 5490 (BA; 1.0� 106 CFU/g of feed) on serum uric acid levels in broilers at d 16. (A) Effect of BA and necrotic enteritis (NE) challenge on
serum uric acid levels. (B) Effect of CP level and BA supplementation on serum uric acid levels. CP ¼ crude protein; NO, non-challenged; YES, NE challenged; RCP ¼ reduced protein
(2% lower than standard diets); SCP ¼ standard protein.

Table 11
Apparent ileal amino acid digestibility in responses to the necrotic enteritis challenge and probiotic supplementation in broiler chickens at d 35.1

Treatment Apparent ileal amino acid digestibility, %

Challenge BA, g/t Lys Met Cys Arg Val Gly Ser

No 0 86.2 87.6 73.1 87.2 79.6 76.8 78.9
No 500 87.1 88.4 74.8 87.1 80.9 78.7 80.6
Yes 0 85.4 88.2 73.5 87.3 79.0 76.3 78.2
Yes 500 86.6 89.1 76.3 87.4 81.0 78.6 80.7
SEM 0.27 0.26 0.43 0.29 0.40 0.40 0.40
P-value
Source
Challenge 0.257 0.224 0.211 0.718 0.764 0.656 0.726
BA 0.067 0.104 0.006 0.993 0.047 0.010 0.010
Challenge � BA 0.765 0.700 0.445 0.945 0.645 0.755 0.631

Main effect
Challenge
No 86.6 88.0 73.9 87.1 80.3 77.8 79.7
Yes 86.0 88.6 74.9 87.4 80.0 77.4 79.5

BA
0 85.9 87.9 73.3b 87.2 79.4b 76.6b 78.6b

500 g/t 86.9 88.7 75.5a 87.3 81.0a 78.6a 80.6a

BA¼ Bacillus amyloliquefaciens CECT 5940 (1.0� 106 CFU/g of feed); Lys ¼ lysine; Met ¼methionine; Cys ¼ cysteine; Arg ¼ arginine; Val ¼ valine; Gly ¼ glycine; Ser ¼ serine.
a, bMeans in a column not sharing the same superscripts are significantly different according to Tukey test (P < 0.05).

1 Each value represents the mean of 8 replicates.
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nutrients and thus enhanced performance. Although the supple-
mentation of BA affected the SCFA concentrations in the birds,
however these changes did not have an impact on the intestinal pH.
Metabolomic approaches have shown that addition of BA in broiler
diets increases the concentrations of threonine, monopalmitin, and
allose in broiler cecal digesta, which are all related to amino acid
and glyceride metabolism (Cao et al., 2018).

Amino acid digestibility measurements showed that BA sup-
plementation increased digestibility of amino acids, such as
lysine, cysteine, valine, and serine. This increase is possibly due
to the production and secretion of enzymes such as a-amylase,
cellulase, lipase, and protease by BA strains (Deb et al., 2013;
Kanmani et al., 2015; Lee et al., 2008). These enzymes can in-
crease the digestibility of proteins, carbohydrates, and lipids in
broilers (Salim et al., 2013). Farhat-Khemakhem et al. (2018) re-
ported that BA could ferment and hydrolyse complex carbohy-
drates and oligosaccharides, some being anti-nutrients such as
non-starch polysaccharides, which leads to improved di-
gestibility of feed components. Furthermore, the positive effects
of BA supplementation on nutrient digestibility have also been
previously observed in pigs and mice (Blavi et al., 2019; Geeraerts
et al., 2015). Positive alteration in gut microbiota, followed by
improved digestibility of nutrients may be the underlying reason
for the improved meat yield in this study.

In the current study, the effect of BA on C. perfringens reduc-
tion was observed in RCP diets. Previous reports have shown a
robust activity of BA against C. perfringens in vitro (Geeraerts
et al., 2016). It is also well known that C. perfringens prolifera-
tion is influenced by the presence of amino acids and protein in
the diet (Titball et al., 1999) and there is a possible imbalance of
amino acids other than the 6 essential ones supplemented in the
RCP diets (Barekatain et al., 2018). Therefore, lowered amino
acids may have contributed to the reduced C. perfringens together
with BA. Wilkie et al. (2005) has shown that dietary amino acids
such as glycine can be an important factor in C. perfringens
growth in chicken intestine. The RCP diets may have unbalanced
substrate for C. perfringens growth and reduced their ability to
survive against BA.



Table 12
Apparent ileal amino acid digestibility in responses to the crude protein level and probiotic supplementation in broiler chickens at d 35.1

Treatment Apparent ileal amino acid digestibility, %

CP level BA, g/t Lys Met Cys Arg Val Gly Ser

Standard2 0 86.1 88.2 74.3 87.3 79.0 74.6 79.1
Standard2 500 86.6 89.1 76.3 87.4 81.0 78.6 80.7
Reduced3 0 83.9 88.0 73.2 88.0 81.6 74.6 76.6
Reduced3 500 87.4 88.1 76.9 89.0 83.7 77.2 79.1
SEM 0.44 0.29 0.59 0.30 0.47 0.54 0.58
P-value
Source
CP 0.404 0.402 0.896 0.058 0.004 0.079 0.079
BA 0.014 0.451 0.013 0.337 0.020 0.075 0.075
CP � BA 0.063 0.485 0.414 0.485 0.874 0.284 0.507

Main effect
CP
Standard2 86.3 88.6 75.2 87.4 80.1b 77.8 79.8
Reduced3 85.7 88.1 75.1 88.5 82.5a 76.0 77.9

BA
0 85.0b 88.1 73.7b 87.7 80.4b 76.0 77.8
500 g/t 87.1a 88.6 76.6a 88.3 82.3a 77.8 79.9

BA¼ Bacillus amyloliquefaciens CECT 5940 (1.0� 106 CFU/g of feed); Lys ¼ lysine; Met ¼methionine; Cys ¼ cysteine; Arg ¼ arginine; Val ¼ valine; Gly ¼ glycine; Ser ¼ serine.
a, bMeans in a column not sharing the same superscripts are significantly different according to Tukey test (P < 0.05).

1 Each value represents the mean of 8 replicates.
2 Standard crude protein level according to recommendation.
3 Reduced crude protein diets with 2% lower protein than standard diets.
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Furthermore, quorum sensing (QS) communication plays a key
role in triggering the infectious activity of pathogenic bacteria, such
as sporulation, biofilm formation, and virulence (Cooksley et al.,
2010). The BA strain can produce an enzyme, N-acyl-homoserine-
lactone lactonase (AHL) (Yin et al., 2010), which hydrolyses the QS
signaling molecules of Gram-negative bacteria and disturb their
pathogenic activities (Alina et al., 2015; de Oliveira et al., 2018). The
mechanism by which bacterial communication (QS) can be inter-
rupted is referred to as quorum quenching (QQ). The QQ activity of
the Clostridium family is known to be related to the Agr-like QS
system, which plays a key role in the pathogenesis on NE (Yu et al.,
2017). The information regarding QQ activity of Bacillus strains is
scarce and further investigation can be suggested on possible QQ
activity of this family of bacteria on Agr-like QS system activity.

The current study revealed that the NE challenge reduced the
serum uric acid level. A similar reduction has been observed with
Eimeria infections in broilers (Allen and Fetterer, 2002). The for-
mation of each molecule of uric acid requires one molecule of
glycine to build the purine ring (Patience, 1990), and RCP diets have
shown to reduce the net portal fluxes of glycine in broiler chickens
(Wu et al., 2018). The decrease in serum uric acid in the RCP fed
birds is likely due to the reduced availability of glycine for uric acid
synthesis in the liver (Namroud et al., 2008; Waldroup et al., 2005).
Further, the lower uric acid levels in the NE challenged birds could
be due to the lower feed intake on these group of birds (Donsbough
et al., 2010). Considering that uric acid is produced at the last stage
of protein metabolism, the lower feed consumption in the chal-
lenged birds means less substrate available for the production of
uric acid. On the other hand, damaged intestinal villi caused by
Eimeria and C. perfringens (Liu et al., 2012) and the negative effects
of these infections on intestinal nutrient uptake can all lead to
malabsorption of nutrients (Guo et al., 2014), which could be
another reason for the lower serum uric acid level observed in the
NE challenged birds compared to the non-challenged group.

Reducing dietary protein is an important way of reducing the
amount of the undigested protein reaching the hindgut that in-
creases the substrate available for infectious bacteria to proliferate.
However, RCP diets are known to deteriorate broiler performance
through sub-optimum supply of essential and nonessential amino
acids (Aftab et al., 2006; Hilliar et al., 2020). Furthermore, the
combination of an RCP diet and a subclinical NE infection can cause
a further challenge for birds similar to those in the field situation.
Therefore, adding gut health feed additives might be beneficial to
mitigate the negative impact of these challenges.

Our results showed lower serum uric acid levels in birds fed RCP
diets, as observed in other studies (Hern�andez et al., 2013;
Swennen et al., 2011). El-Katcha et al. (2014) and Swennen et al.
(2005) reported a negative correlation between plasma uric acid
level and protein retention, which indicates a reduced serum uric
acid level when proteins are utilized by birds to synthesis muscle.
Protein retention was not measured in the current study; however,
the lower uric acid level in the RCP-fed birds could mean higher
retention of protein in these birds. Furthermore, the observed in-
crease in fat pad percentage in birds fed with RCP diets is in
agreement with previous studies (Hilliar et al., 2020). Barekatain
et al. (2018) suggest that lowering CP can increase the starch con-
tent of the diet, thus, affect intestinal glucose transport and sub-
sequent fat deposition in birds. As presented in previous studies,
RCP diets reduce water intake (Alleman and Leclercq, 1997), which
can lead to decreased litter moisture mostly by lowering the risk of
water spillage by less frequent visits to the water lines. Birds fed
with RCP diets had less litter moisture in the present results, which
is in line with previous reports (Kamran et al., 2010). Wet litter and
sticky droppings are key factors for the onset of ulceration of the
feet leading to FD in broiler because they can soften the footpad
whereas providing a suitable environment for microorganisms to
grow (Martland, 1985; Shepherd and Fairchild, 2010). The FD le-
sions were mitigated by the use of RCP diets in the present study.

Based on the current findings, it may be concluded that sup-
plementation of broiler diets with B. amyloliquefaciens CECT 5940 at
a level of 500 g/t of diet showed benefits in promoting growth
performance, improving gut microbiota profile and increasing
amino acid digestibility in birds. Challenged birds fed with RCP
diets supplemented with this probiotic showed improved perfor-
mance traits, which could have been related to the reduced
numbers of C. perfringens numbers and improved amino acid di-
gestibility. Further studies are warranted to provide more evidence
to elucidate the underlying mechanisms of how this Bacillus strain
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can improve the intestinal bacterial profile and amino acid di-
gestibility, thus improving health and performance in broiler
chickens.
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