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ABSTRACT This study evaluated the effect of probiot-
ics (Bacillus subtilis fermentation extract) and its delivery
route (in-feed or in ovo) on hatch and growth perfor-
mance, blood biochemistry, immune status, gut morphol-
ogy, and microbiota of broiler chickens. Hatching eggs
were incubated for 21 d. On d 12, viable eggs were ran-
domly allotted to 4 groups: the noninjected, in ovo saline
(S), in ovo Bacillus subtilis 1 (P1), and in ovo Bacillus
subtilis 2 (P2). On d 18, S, P1, and P2 groups received
0.2 mL saline diluent, 10 x 10°% and 20 x 10° CFU of the
bacterium via the amnion, respectively. At hatch, chicks
were re-allotted to 5 new treatment groups: P1, P2
0.005% in-feed Bacillus subtilis extract (P3), 0.05% in-
feed bacitracin methylene disalicylate (BMD,), and corn-
wheat-soybean diet negative control (NC) in 9 replicate
pens (22 birds/pen) and raised for 35 d. Hatch parame-
ters were assessed on d 0, and growth performance indices
measured weekly. On d 25, 1 bird/cage was euthanized,
and samples collected for further analysis. Data were ana-
lyzed by generalized linear model. Treatments S and P2
recorded higher (P = 0.01) chick BW/ Egg Weight values
compared to the non-injected eggs. P3 and P2 reduced
(P = 0.02) FI at week 5 compared to the NC treatment.
However, no change in average body weight gain (ABG)

and feed conversion ratio (FCR) were observed during
the same period. At d 35, while BMD treatment showed
a tendency (P = 0.09) to increase FI compared to the NC
treatment, ABG and FCR were similar for all treatments.
Blood sodium and chloride levels were increased (P <
0.05) by the BMD treatment compared to the NC treat-
ment. Compared to other treatments, BMD and P3 treat-
ments increased (P < 0.001) jejunal and ileal villus height
to crypt depth ratios, respectively. However, P1 and P2
increased (P < 0.001) villus height to crypt depth ratio in
the duodenum compared to NC treatment. Treatments
did not affect gut microbial diversity; however, BMD
treatment increased (P < 0.05) the proportion of bacteria
in the genus Enterococcus in the ileum and reduced (P <
0.05) the proportion of bacteria in the genus Streptococ-
cus in the ceca. All probiotics treatments (irrespective of
route and dose) reduced (P < 0.001) the levels of serum
IgG compared to the NC treatment. However, P1 and P2
had the lowest numerical decrease in serum IgG concen-
trations, suggesting that Bacillus subtilis (especially in
ovo delivered) might provide broiler chickens with better
immunological protection by neutralizing pathogenic
organisms that could result in the production of natural
antibodies.
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INTRODUCTION

In a bid to meet the increasing food demands of the
growing global population, agriculture continues to be
intensified. One such intensification effort led to the adop-
tion of antimicrobial compounds to promote growth in
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the livestock industry. Interestingly, the livestock indus-
try currently represents the largest user of antimicrobials
produced globally (Van Boeckel et al., 2019). The use of
antibiotic growth promoters (AGP) subtherapeutically
for growth promotion and disease prevention remains a
critical part of intensive poultry production (Casta-
non, 2007; Hedman et al., 2020). In spite of the benefits
that AGP use poses to the poultry industry, there is also
the risk of the development of antimicrobial resistance,
which has undesirable consequences for human and ani-
mal health (Van Den Bogaard and Stobberingh, 2000;
Diarra and Malouin, 2014; Lekshmi et al., 2017). Hence,
it is unsurprising that several country-specific regulatory
measures against AGP use in poultry production, as well
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as increased consumer demands for AGP-free poultry
products now exist (Muaz et al., 2018; Oladokun et al.,
2021b). As the poultry industry recedes from using AGP,
the challenge going forward is finding suitable alterna-
tives and the delivery routes that maximize their effec-
tiveness.

Several bioactive substances, including phytobiotics,
prebiotics, essential oils, and probiotics, are thus cur-
rently being researched as potential alternatives to AGP
in the poultry industry (reviewed by Gadde et al.,
2017a). Probiotics, defined as “live microorganisms
which, when administered in adequate amounts, confer
a health benefit on the host” (FAO/WHO, 2001) con-
tinue to receive growing interest as an alternative to
AGP in poultry production as a result of its immunomo-
dulating properties (Pender et al., 2016; Abd El-Ghany
et al., 2022). Evidence abounds in the literature of the
potential of probiotics to improve the growth perfor-
mance of poultry (Torres-Rodriguez et al., 2007,
Sen et al., 2012; Bai et al., 2013), improve nutrient
digestibility (Mountzouris et al., 2010; Nawaz et al.,
2016; Opoola et al., 2021), improve gut health
(Oladokun et al., 202la; Zeng et al, 2021;
Gyawali et al., 2022), stimulate immunity (Nawaz et al.,
2016; Abd El-Ghany et al., 2022; Hedayati et al., 2022)
and positively modulate gut microbiota profile
(Mountzouris et al., 2007a, 2010; Hedayati et al., 2022).
Popular probiotic strains utilized in poultry include Lac-
tobacillus, Bifidobacterium, Enterococcus, and Bacillus
(Bajagai et al., 2016). The use of Bacillus species contin-
ues to gain interest in animal production, especially
from a commercial standpoint (Kim et al., 2018). This is
because spore-based probiotic strains like Bacillus
are highly resilient to environmental stressors
(Cartman et al., 2008). The use of several Bacillus
strains to promote gut health, immunity, and growth of
poultry is well documented (Gadde et al., 2017a;
Grant et al., 2018; Oladokun et al., 2021a). Despite these
reported results, probiotics (including Bacillus strains)
have also been reported to not affect growth perfor-
mance indices like feed intake, weight gain, and feed con-
version ratio in broiler chicken studies (Cavazzoni et al.,
1998; Li et al., 2019). Other reports have also docu-
mented a reduced feed conversion ratio in broiler chick-
ens supplemented with dietary Bacillus subtilis
(Knap et al., 2011; Lee et al., 2014). Although popular
theories on probiotics mode of action will include bacte-
rial antagonism, immunostimulation, and competitive
exclusion (Ohimain and Ofongo, 2012), it is possible
that a complete delineation of probiotics mode of actions
is yet to be elucidated. Several other factors, including
strain-specific mode of action, the health state of the
host, housing and environmental conditions, supple-
mented dose, time of supplementation, and delivery
routes, may contribute to the inconsistencies in probiot-
ics results observed in the literature (Yang et al., 2009;
Cox and Dalloul, 2015; Untoo et al., 2018).

As a solution to the challenges that characterize the
conventional delivery routes in poultry (i.e., in-feed and
in-water; summarized in Oladokun et al., 2021a), the in

ovo delivery routes continue to gain considerable inter-
est. Asides from other benefits that the in ovo technol-
ogy affords (documented in  Oladokun and
Adewole, 2020 and Oladokun et al., 2021a), it also offers
the opportunity to colonize the embryonic gut with ben-
eficial microbiota very early on, considering that contact
between chick and hen which use to be status quo mode
of gut colonization has been eliminated in the present-
day poultry industry. Oladokun et al. (2021a) have pre-
viously reported that the in ovo delivery of 10 x 10°
CFU of Bacillus subtilis improved broiler chicken gut
morphology and microbiota profile but with no signifi-
cant effect on growth performance. As a follow-up to
this study, it was hypothesized that modifying the sup-
plemented dose (i.e., 10 x 10° CFU vs. 20 x 10° CFU),
rearing period (28 d vs. 35 d), and housing conditions
(battery cages vs. floor pens) might influence observed
results. Consequently, the objective of this study was to
evaluate the effect of the supplementation of two doses
of Bacillus subtilis fermentation extract (i.e., 10 x 10°
CFU and 20 x 10° CFU), and its delivery routes (in ovo
vs. in-feed) on hatch and growth performance, blood bio-
chemistry, immune status, gut morphology, and gut
microbiota profile of broiler chickens, compared to in-
feed antibiotics.

MATERIALS AND METHODS
Ethics Declarations

The experiment was carried out at the hatchery facil-
ity of the Agricultural Campus of Dalhousie University
and the broiler rearing facility of the Atlantic Poultry
Research Center, Dalhousie Faculty of Agriculture.
The experiment was conducted following guidelines rec-
ommended by the Canadian Council on Animal Care
(Rowsell, 1990). All methods were approved by the Ani-
mal Care and Use Committee of Dalhousie University
(Protocol number: 2021-032).

Egg Incubation and In ovo Injection
Procedure

Hatching broiler eggs (Cobb 500, 52 wk old breeders,
average weight = 63 g £+ 1.27, n = 1,860) were obtained
from a commercial hatchery (Cox Atlantic Chick hatch-
ery, Nova scotia) and incubated in a ChickMaster sin-
gle-stage incubator (ChickMaster G09, Cresskill, NJ),
under standard conditions (37.5°C, 55% relative humid-
ity) from embryonic days (EDs) 1 to 19, and then to an
average of 32°C and 68% from EDs 19 to 21. Eggs were
candled on ED12 to determine viability. Viable eggs
were subsequently assigned to one of 4 experimental
groups: 1) noninjected eggs (control; 166 eggs); 2) in ovo
saline group (38 eggs; injected with 0.2 mL of physiologi-
cal saline, i.e., 0.9% NaCl, Baxter Corporation, ON,
Canada); 4) in ovo probiotic group 1 (53 eggs; injected
with 0.2 mL of Bacillus subtilis fermentation extract,
each egg received 10 x 10° CFU of the bacterium/
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0.2 mL saline diluent), and 4) in ovo probiotic group 2
(53 eggs; injected with 0.2 mL of Bacillus subtilis fermen-
tation extract, each egg received 20 x 10° CFU of the
bacterium/0.2 mL saline diluent). The described
treatments were replicated in 6 similar incubators oper-
ated under similar conditions. The Bacillus subtilis prod-
uct (strain- Bacillus subtilis 10SI) injected in this
experiment was obtained from a commercial source
(Probiotech International, St. Hyacinth, QC, Canada)
at a concentration of 10 x 10'® CFU /g. Figure S2 details
the probiotics manufacturing process as provided by the
manufacturers. The Bacillus subtilis 10SI is grown on a
media containing yeast extract and glucose under aero-
bic conditions. At the end of fermentation, the entire
culture is concentrated via centrifugation and then
spray dried. The Bacillus subtilis product was
injected on ED18. The injection procedure utilized in
this study have been previously described by
Oladokun et al. (2021a). Briefly, eggs were disinfected
by cleaning with of 70% alcohol swabs (BD alcohol
swabs-catalog 326910, ON, Canada), followed by careful
punching of the air cell (the blunt end of the egg) using
an 18-gauge needle. The injected probiotics treatments
were then delivered to the amnion using a self-refilling
injector (Socorex ultra-1810.2.05005, Ecublens, Switzer-
land) equipped with a 22-gauge needle (injection needle
length—3 cm) at a 45° angle. After in ovo injection, the
injection sites were sealed with sterile medical tapes
(Nexcare Flexible Clear Tape-7100187758, 3M, MN).
The non-injected eggs were also taken out and returned
to the incubator simultaneously with other injected
treatment groups.

Birds, Housing, and Diets

As presented in Figure 1, hatchlings were weighed and
randomly assigned to 5 new treatment groups. Chicks
from the initial noninjection group were randomly allo-
cated into 3 new treatment groups consisting of (1)
chicks fed a basal corn-soybean meal-wheat—based diet
(Negative control treatment; NC); (2) chicks fed
NC + 0.05% bacitracin methylene disalicylate (in-feed

antibiotics); and (3) chicks fed NC + 0.005% Bacillus
subtilis containing 1 x 10° CFU /kg of feed. The in ovo
probiotics treatments were placed on the control diet to
form treatments (4) in ovo probiotics group 1 and (5) in
ovo probiotics group 2. Chicks (mixed sex) were weighed
and assigned to floor pens (0.93 m x 2.14 m) at a stock-
ing density of 0.076 m?/bird. There were 9 replicate floor
pens/treatment containing 22 birds per pen. Two broiler
production rooms were utilized. The temperature in the
broiler rooms was monitored daily and was gradually
reduced from 32 to 22.5°C from d 0 to 35. The lighting
program was set to produce 18 h of light and 6 h of dark-
ness throughout the experimental period, and illumina-
tion was gradually reduced from 20 Ix on d 0 to 5 Ix on d
35. Dietary treatments, ingredients, and nutritional
composition are presented in Table 1. Birds were pro-
vided with feed and water ad libitum; diets were fed as
mash in the starter (0—14 d) phase and pellets in the
grower (15—25 d) and finisher (26—35 d) phases. Diets
were formulated according to Cobb 500 nutrient require-
ments (Cobb-Vantress, 2018). However, the diets
containing probiotics were not further analyzed for pro-
biotics in the diet.

Measurements

Hatch Parameters and Chick Quality Hatched chicks
were counted and weighed individually. Hatchability
was calculated as the percentage of hatched chicks to
fertile incubated eggs per replicate. The BW /initial egg
weight ratio of hatched chicks was also determined and
recorded. Chick navel quality was evaluated by adopting
Reijrink et al. (2009) scoring method. Chick length was
obtained by placing the chick on its ventral side and
measuring from the tip of the beak to the middle toe on
the right leg.

Growth Performance Parameters Growth perfor-
mance parameters, including feed intake and average
body weight (BW) were measured on a pen basis
weekly. Subsequent calculations, including the average
feed intake (AFI), average body weight gain
(ABWG), and feed conversion ratio (FCR) were then
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Figure 1. Schematic presentation of experimental structure in the hatchery and barn. In ovo probiotics group 1- eggs injected with 10 x 10°
CFU of Bacillus subtilis fermentation extract /0.2 mL saline diluent; in ovo probiotics group 2- eggs injected with 20 x 10° CFU of Bacillus subtilis
fermentation extract /0.2 mL saline diluent; in-feed antibiotics- chicks fed NC + 0.05% bacitracin methylene disalicylate; in-feed probiotics- chicks
fed 0.005% Bacillus subtilis containing 1 x 10° CFU/kg of feed; and NC-Negative Control treatment- chicks fed a basal corn-soybean meal-wheat

—based diet.
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Table 1. Ingredients, calculated, and analyzed compositions of experimental diets' (as-fed basis, percentage, unless otherwise stated).

Phases
Starter (0—14 d) Grower (15—25 d) Finisher (26—35 d)

Negative In-feed In-feed Negative In-feed In-feed Negative In-feed In-feed

Ingredients Control Antibiotic  probiotic Control Antibiotic  probiotic Control Antibiotic  probiotic
Ingredient composition
Corn (ground) 46.63 46.53 46.62 51.16 51.06 51.15 53.63 53.53 53.62
Soybean meal-46.5 37.12 37.14 37.13 31.87 31.89 31.88 29.2 29.22 29.21
Wheat 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Soybean Oil (young or mature) 1.80 1.83 1.795 2.18 2.21 2.175 2.75 2.78 2.75
Limestone 1.37 1.37 1.37 1.30 1.30 1.30 1.19 1.19 1.19
Dicalcium Phosphate 21 P 1.45 1.45 1.45 1.35 1.35 1.35 1.18 1.18 1.18
DL Methionine premix” 0.58 0.58 0.58 0.57 0.57 0.57 0.52 0.52 0.52
Vitamin/Mineral Premix or 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
MCB10**
Salt 0.38 0.38 0.38 0.36 0.36 0.36 0.36 0.36 0.36
Lysine HCI 0.17 0.17 0.17 0.21 0.21 0.21 0.17 0.17 0.17
Pellet Binding Agent - - - 0.50 0.50 0.50 0.50 0.50 0.50
BMD 110G” - 0.05 - - 0.05 - - 0.05 -
Bacillus subtilis - - 0.005 - 0.005 - - 0.005
Total 100 100 100 100 100 100 100 100 100
Nutrient Calculated composition
Metabolizable energy (kcal/kg) 2,975 2,975 2,975 3,025 3,025 3,025 3,100 3,100 3,100
Crude protein 22.0 22.0 22.0 20.0 20 20.0 19.0 19.0 19.0
Calcium 0.90 0.90 0.90 0.84 0.84 0.84 0.76 0.76 0.76
Available phosphorus 0.45 0.45 0.45 0.42 0.42 0.42 0.38 0.38 0.38
Sodium 0.18 0.18 0.18 0.17 0.17 0.17 0.17 0.17 0.17
Digestible lysine 1.22 1.22 1.22 1.12 1.12 1.12 1.02 1.02 1.02
Digestible methionine + 0.91 0.91 0.91 0.85 0.85 0.85 0.80 0.80 0.80
cysteine
Digestible Tryptophan 0.24 0.24 0.24 0.22 0.22 0.22 0.20 0.20 0.20
Digestible Threonine 0.84 0.84 0.84 0.76 0.76 0.76 0.72 0.72 0.72
Analyzed composition

Dry Matter 92.2 92.2 92.2 91.5 92.1 91.4 91.7 91.8 91.8
Crude protein 24.5 24.7 23.9 21.3 21.2 21.8 19.3 20.9 21.0
Crude fat 4.05 4.31 4.17 4.86 4.69 3.63 4.81 4.25 4.17
Calcium 0.81 0.80 1.03 0.89 0.90 0.83 0.83 0.75 0.75
Potassium 1.05 1.00 0.98 0.94 0.91 0.95 0.84 0.92 0.89
Phosphorus 0.62 0.65 0.72 0.66 0.65 0.65 0.57 0.60 0.59
Sodium 0.14 0.15 0.20 0.17 0.17 0.17 0.16 0.15 0.15

'Basal diet (NC); In-feed antibiotic diet containing NC + 0.05% bacitracin methylene disalicylate (BMD); In-feed probiotics diet containing

NC + 0.005% Bacillus subtilis containing- 1 x 10% CFU /kg of feed.
2Supplied /kg premix: DL-Methionine, 0.5 kg; wheat middling, 0.5 kg.

3Starter vitamin-mineral premix contained the following per kg of diet: 9750 IU vitamin A; 2000 IU vitamin D3; 25 IU vitamin E; 2.97 mg vitamin K;
7.6 mg riboflavin; 13.5 mg DI Ca-pantothenate; 0.012 mg vitamin B12; 29.7 mg niacin; 1.0 mg folic acid, 801 mg choline; 0.3 mg biotin; 4.9 mg pyridoxine;
2.9 mg thiamine; 70.2 mg manganese; 80.0 mg zinc; 25 mg copper; 0.15 mg selenium; 50 mg ethoxyquin; 1543 mg wheat middling’s; 500 mg ground

limestone.

4Grower and Finisher vitamin-mineral premix contained the following per kg of diet: 9750 IU vitamin A; 2000 IU vitamin D3; 25 IU vitamin E; 2.97 mg
vitamin K; 7.6 mg riboflavin; 13.5 mg D1 Ca-pantothenate; 0.012 mg vitamin B12; 29.7 mg niacin; 1.0 mg folic acid, 801 mg choline; 0.3 mg biotin; 4.9 mg
pyridoxine; 2.9 mg thiamine; 70.2 mg manganese; 80.0 mg zinc; 25 mg copper; 0.15 mg selenium; 50 mg ethoxyquin; 1543 mg wheat middling’s; 500 mg

ground limestone.

®Bacitracin methylene disalicylate (providing 55 mg/kg mixed feed); Alpharma, Inc., Fort Lee, NJ, USA.

obtained from the recorded data. Mortality was
recorded daily and used to correct for FCR.

Sampling On d 25, 1 bird per cage (9 replicate birds per
treatment group) was randomly selected, weighed, and
euthanized by electrical stunning and exsanguination.
After euthanasia of the bird, blood samples were col-
lected from each bird into 10 mL blood serum collection
tubes (BD Vacutainer Serum Tubes, fisher scientific-
BD366430) for further serum assays and into 10 mL hep-
arinized tubes (BD Vacutainer Glass Blood Collection
Tubes with Sodium Heparin, fisher scientific-
BD366480) for further blood plasma assays. Blood
serum and plasma were centrifuged at 1,200 g x 10
min x 18°C. The resulting supernatants were stored in
aliquots at —80°C until further analysis. The weights of
bursa of Fabricius and spleen were also determined by
trained personnel. The small intestinal segments,

including the duodenum (region from the gizzard junc-
tion to the pancreatic and bile ducts), jejunum (1.5-cm
length midway between the point of entry of the bile
ducts and Meckel’s diverticulum) and ileum (1.5-cm
length midway between Meckel’s diverticulum and the
ileocecal junction), were also excised and fixed in neutral
buffered formalin (10%) for further histomorphology
processing. Cecal and ileal digesta samples were also col-
lected in RNase and DNase-free tubes, and immediately
snap frozen in liquid nitrogen, and later stored at —80°C
for subsequent gut microbiota analysis.

Relative Weight of Organs The weights of the bursa
of Fabricius and the spleen were recorded and reported
as a percentage of the live BW of the slaughtered
chicken (g/Kg BW).

Serum Immunoglobulins Chicken-specific immuno-
globulins enzyme-link immunosorbent assay (ELISA)
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quantitation kits (Bethyl Laboratories, Montgomery,
TX; Catalog No. E33-104-200218 and E33-102-180410,
respectively) were used to measure the concentrations of
immunoglobulins (IgG and IgM) following manufacturer
instructions. Absorbance values were read on a micro-
plate reader (Bio-Tek Instrument Inc., Wonooski, VT)
using a software program (KC4, version #3.3, Bio Tek
Instruments), and immunoglobulins concentration was
extrapolated using the 4-parameter logistic model.
Blood Biochemistry Samples for blood biochemical
analysis were shipped on ice to Atlantic Veterinary Col-
lege, University of Prince Edward Island Pathology Lab-
oratory, and analyzed using cobas 6000 analyzer series
(Roche Diagnostics, Indianapolis, IN).

Gut Morphology The procedure for intestinal morpho-
metric analysis has previously been reported by
Oladokun et al. (2021a). Briefly, fixed intestinal tissues
were embedded in paraffin, sectioned (0.5 pm thick),
and stained with hematoxylin and eosin for morphologi-
cal examinations. In each cross-sectioned tissue, ten
morphometric measurements including the villus height
(from the base of the intestinal mucosa to the tip of the
villus excluding the intestinal crypt), villus width (half-
way between the base and the tip), crypt depth (from
the base upward to the region of transition between the
crypt and villi) (Ozdogan et al., 2014) per slide were
carried out using Leica 1CC50 W microscope at
4 x Magnification (Leica Microsystems, Wetzlay, Ger-
many) and an image processing and analysis system
(Leica Application Suite, Version 3.4.0, Leica Microsys-
tems, Wetzlay, Germany).

DNA Extraction, Quantification, Library Prepara-
tion, and Sequencing Following manufacturer’s
instructions, DNA was extracted from the ileal and ceca
digesta contents using the Qiagen DNeasy PowerSoil
Pro Kit (50) (catalog number 47014, Qiagen GmbH,
Hilden, Germany). The concentration and purity of
extracted DNA were subsequently determined by spec-
trophotometry (Nanodrop ND1000; Thermo Scientific).
Extracted DNA samples (volume-50 pL, concentration-
10—200 ng/uL) were then sent to Genome Quebec
Innovation Center (Montreal, Canada) for amplicon
library preparation and sequencing (primers, V3V4,
341F-CCTACGGGNGGCWGCAG and 805R-GAC-
TACHVGGGTATCTAATCC).

Statistics and Bioinformatic Analysis

Hatch data were analyzed as a randomized complete
block design, with the incubator considered as the block-
ing factor. Datasets from the grow-out trial were also
analyzed in a randomized complete block design, with
broiler production rooms being the blocking factor. The
normality of all data sets was ascertained by testing
residuals with the Anderson-Darling test in Minitab sta-
tistical package (v.18.1). Data were analyzed using the
generalized linear model in the same statistical package.
Significant means were separated using Tukey’s honest
significant difference test in the same statistical package.

Analyzed data were presented as means + SEM and
probability values. Values were considered statistically
different at P < 0.05 and considered a statistical trend
at P<0.1.

Bioinformatic analysis of the microbiota data was per-
formed by the Canadian Centre for Computational
Genomics at McGill University. The GenPipes version
4.0.0 (Bourgey et al., 2019) amplicon-seq pipeline was
used to perform analyses. This pipeline is based on the
DADA2 package in R environment. First, the trimming
was done using Trimmomatic (Bolger et al., 2014), tak-
ing off 16 bp from the start of the reads. Then, 8,455,050
paired-end reads passed the quality-filtering parameters
applied [truncLen = ¢(284,176); maxN = 0; maxEE = ¢
(2,2); truncQ = 2| with an average value of 93,945 read-
s/sample and thus were merged (minimum overlap of
20 bp) and subjected to de novo chimera removal. Tax-
onomy was assigned to the resulting amplicon sequence
variants (ASVs) using Silva database version 123.
Visual exploration of the data was then performed in the
MicrobiomeAnalyst tool (Dhariwal et al., 2017). Alpha
and Beta diversity were calculated based on Shannon
and Bray-Curtis indices, respectively, with statistical
significance set at P < 0.05.

RESULTS
Hatch Performance and Chick Quality

Results on hatch performance and chick quality are
presented in Table 2. The chick BW/ Egg Weight
recorded treatment differences. Both the in ovo saline
and the in ovo probiotics 2 treatment groups recorded
higher (P = 0.01) chick BW/ Egg Weight values com-
pared to the noninjected eggs. The in ovo probiotics 1
treatment group recorded intermediate chick BW/ Egg
Weight value compared to other treatment groups.
There was no effect of treatment on average navel score,
average chick length, average chick weight, and hatch-
ability in this study.

Growth Performance

Results on growth performance indexes are presented
in Table 3. Compared to other treatments, the in-feed
probiotics treatment showed a tendency (P = 0.07) to
increase ABG by at least 23.6% in wk 1. However, this
tendency soon disappeared in subsequent weeks. Further
treatment differences were only recorded in week 5. The
AFI of the in-feed antibiotic treatment was higher
(P = 0.02) than the in-feed probiotics and the in ovo
probiotics 2 treatment groups. Other treatments had
statistically similar AFI as the in-feed antibiotic treat-
ment. Both the ABWG and FCR values were similar
(P > 0.05) for all treatment groups from wk 2 to wk 5.
At the end of the entire trial period (d 0—35), the in-feed
antibiotic treatment showed a tendency (P = 0.09) to
increase AFI by at least 17.6%, compared to other treat-
ments. However, no corresponding changes in ABWG
and FCR were recorded across treatment groups.
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Table 2. Effect of in ovo delivery of Bacillus subtilis on hatch performance and chick quality.

Treatments'
Hatch parameters Noninjected In ovo saline In ovo probiotic 1 In ovo probiotic 2 SEM? Pvalue®
Hatchability (%) 96.1 95.2 96.8 96.9 0.51 0.711
Average chick weight (g) 43.1 43.8 434 43.7 0.13 0.118
Average chick length (cm) 18.8 18.2 19.2 18.9 0.18 0.202
Chick BW/ egg weight (%) 68.1" 69.5" 68.9"" 69.2" 0.17 0.005
Average navel score 1.40 1.38 1.47 1.36 0.07 0.79

'Treatments include— (1) noninjected eggs; (2) in ovo saline group- injected with 0.2 mL of physiological saline (0.9% NaCl); (3) in ovo probiotics
group 1- eggs injected with 10 x 10° CFU of Bacillus subtilis fermentation extract/0.2 mL saline diluent; and (4) in ovo probiotics group 2- eggs injected
with 20 x 10° CFU of Bacillus subtilis fermentation extract/0.2 mL saline diluent.

2SEM = Standard error of means.
3Means within a row with different superscripts.
*Psignificantly differ.

Furthermore, in order to evaluate if treatment effects on
ABWG were sex-linked, ABWG was calculated on a sex
basis (males and females separately) at wk 4 and 5,
when visual sexual distinction and weighing of birds
could be carried out. However, no difference (P > 0.05)
in ABWG for males and females was recorded at this
time.

Organ Weight and Serum Immunoglobulin
Concentration

According to Table 4, no significant treatment effect
on the relative weight of the bursa of Fabricius and
spleen was recorded in this study. Conversely, of the
two immunoglobulins evaluated, the serum IgG

Table 3. Effect of Bacillus subtilis and its delivery routes on the growth performance of broiler chickens raised for 35 days.

Treatments'

Growth performance parameters Negative control

In-feed antibiotic In-feed probiotic

In ovo probiotic 1 In ovo probiotic2 SEM” P yalue”

Week 1

Average feed intake (g) 155 153

Average body weight gain (g) 85.7 87.4

FCR' 1.81 1.76

Week 2

Average feed intake (g) 184 190

Average body weight gain (g) 213 235

FCR' 0.87 0.81

Week 3

Average feed intake (g) 449 499

Average body weight gain (g) 483 555

FCR' 0.93 0.89

Week 4

Average feed intake (g) 839 917

Average body weight gain (g)- 714 608
Mixed sex

Average body weight gain (g)- 761 722
Males

Average body weight gain (g)- 635 483
Females

FCR' 1.31 1.24

Week 5

Average feed intake (g) 1,378 1,329"

Average body weight gain (g)- 1,030 1,181
Mixed sex

Average body weight gain (g)- 970 1157
Males

Average body weight gain (g)- 977 1,019
Females

FCR* 1.37 1.14

Total Trial Period (1-35 d)

Average feed intake (g) 2,974 3,051

Average body weight gain (g) 2,578 2,655

FCR* 1.16 1.16

159 160 154 152 0.859
91.6 88.7 74.1 1.00  0.071
1.73 1.81 2.07 0.02  0.336
148 163 168 394  0.237
212 200 168 3.09  0.102
0.69 0.81 0.99 0.02  0.193
416 466 409 134 0.552
480 476 441 9.07  0.188
0.87 0.99 0.93 0.03  0.912
812 859 853 166  0.222
695 773 846 152 0415
902 954 918 177 0.351
524 677 820 219  0.293
1.43 1.38 1.39 0.09  0.516

1,146" 1,102*" 970" 14.8 0.024
906 789 710 143 0.324
936 926 857 504 0.850
831 679 625 421 0412
1.27 1.43 1.48 0.04  0.655

2,656 2,753 2,595 344  0.087

2,385 2,353 2,217 139 0.574
1.13 1.20 1.20 0.02  0.830

'Treatments include— (1) Negative Control treatment- chicks fed a basal corn-soybean meal-wheat—based diet; (2) In-feed antibiotics- chicks fed
NC + 0.05% bacitracin methylene disalicylate; (3) In-feed probiotics- chicks fed NC + 0.005% Bacillus subtilis containing 1 x 10° CFU /kg of feed; (4) In
ovo probiotics group 1- eggs injected with 10 x 10° CFU of Bagcillus subtilis fermentation extract /0.2 mL saline diluent; and (5) In ovo probiotics group 2-
eggs injected with 20 x 10° CFU of Bacillus subtilis fermentation extract /0.2 mL saline diluent.

2SEM = Standard error of means.

3Means within a row with different superscripts.
*bSignificantly differ.

YFCR = Feed Conversion Ratio.
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concentration was reduced (P < 0.001) both in the in
ovo probiotics 1 and in ovo probiotics 2 treatments,
compared to both the NC and the in-feed antibiotics
treatment. However, the serum IgG concentration in the
in-feed probiotics treatment was statistically similar to
that of the in ovo probiotics 1 treatment. Nevertheless,
the highest reduction in serum IgG concentration was
recorded in the in ovo probiotics 2 treatment, being at
least 38% lower than other treatment groups.

Blood Biochemistry

Results on blood biochemistry are presented in
Table 5. Only the concentrations of plasma sodium and
chloride showed significant treatment effect in this
study. Both electrolytes’ minerals recorded similar
trend. In both cases, the in-feed antibiotics treatment
recorded higher (P < 0.05) concentrations of both miner-
als compared to the NC treatment. Other treatment
groups recorded intermediate statistical values for the
concentrations of both minerals (sodium and chloride).

Gut Morphology

Table 6 shows the results on the morphology of the
3 gut sections (duodenum, jejunum, and ileum). Both
doses of the in ovo delivered probiotics treatment
increased (P < 0.001) duodenal villus height compared
to other treatments, with the in ovo probiotics 1 group
only comparable to in-feed antibiotics treatment. A sim-
ilar trend was observed for duodenal villus width, with
the in ovo probiotics 1 group being comparable to in-
feed probiotics treatment. Interestingly, duodenal crypt
depth was observed to be reduced by all treatments com-
pared to the NC treatment, with the exception of the in
ovo probiotics 2 treatment which recorded a statistical
intermediate crypt depth value. Conversely, jejunal vil-
lus height was increased (P = 0.001) by the in ovo probi-
otics 1 and the in-feed antibiotic treatment compared to
the in ovo probiotics 2 treatment. Both the in-feed pro-
biotics and NC treatment recorded statistically interme-
diate jejunal villus height values. On the contrary, the in
ovo probiotics 2 treatment recorded increased (P <
0.001) villus width compared to other treatments

(except for the negative control treatment). Jejunal
crypt depth was also reduced (P < 0.001) by the in-feed
antibiotics and in ovo probiotics 2 treatments compared
to other treatments. In terms of jejunal villus height to
crypt depth ratio, the in-feed antibiotic treatment was
better (P < 0.001) than all other treatments. In the
ileum, the in ovo probiotics 2 and in-feed probiotics
treatment increased (P = 0.001) villus height compared
to the in ovo probiotics 1 treatment group; other treat-
ments had intermediate ileal villus height. The in-feed
probiotics treatment also recorded the least ileal crypt
depth of all treatments, but this was statistically compa-
rable to the in-feed antibiotics and in ovo probiotics 1
treatment. This was the same trend observed for the
ileal villus height: crypt depth, as the in-feed probiotics
treatment, recorded the highest ratio of all treatments
but was statistically comparable to in-feed antibiotics
and in ovo probiotics 2 treatment.

Gut Microbiota

Sequencing analysis yielded a total of 1,712 opera-
tional taxonomic units (OTUs) with > 2 counts after
quality filtering and demultiplexing. The % of taxon
assigned at the Genus level was ~60%. Rarefaction
curve showing specie richness is presented in Supplemen-
tary Figure S1. Alpha diversity (Shannon index) showed
significant (P < 0.001) diversity between the ileal and
cecal samples but not between treatment groups
(Figure 2a—c). Similarly, Beta diversity determined by
ordination analysis based on Bray-Curtis Index showed
unique cluster separation between the ileal and cecal
microbiota but not between treatment groups in both
gut sections (Figure 3a—c).

In terms of microbiota composition, the relative abun-
dance of the predominant bacteria phyla and genera in
the ileum and ceca are shown in Figures 4 and 5. Ileal
phyla were dominated by >89% phylum Firmicutes
across all treatment groups. The relative abundance of
other dominant phyla followed the trend Actinobacteria
(range of 0.5—9.8% across treatments) > Cyanobacteria
(range of 0.4—2.5%) > Proteobacteria (range of
0.4—1.2%) > Bacteroidetes (range of 0—0.03%). Con-
versely, ceca phyla were dominated by >96%

Table 4. Effect of Bacillus subtilis and its delivery routes on relative weight of immune organs and serum immunoglobulin concentra-

tions in broiler chickens.

Treatments'
Parameters Negative control  In-feed antibiotic  In-feed probiotic ~ In ovo probiotic1  Inovo probiotic2 SEM? P value®
Bursa weight (g/Kg BW) 1.81 1.80 1.64 1.76 1.93 0.06 0.645
Spleen weight (g/Kg BW) 0.70 0.76 0.73 0.73 0.69 0.02 0.920
Immunoglobulin G (Mg/mL) 10.3" 4.75" 2.71" 0.96° 0.06" 031 <0.001
Immunoglobulin M (Mg/mL) 2.37 0.61 0.35 0.19 0.15 0.05 0.333

'Treatments include— (1) Negative Control treatment- chicks fed a basal corn-soybean meal-wheat—based diet; (2) In-feed antibiotics- chicks fed
NC + 0.05% bacitracin methylene disalicylate; (3) In-feed probiotics- chicks fed NC 4 0.005% Bacillus subtilis containing 1 x 10® CFU /kg of feed; (4) In
ovo probiotics group 1- eggs injected with 10 x 106 CFU of Bacillus subtilis fermentation extract/0.2 mL saline diluent; and (5) In ovo probiotics group 2-
eggs injected with 20 x 10° CFU of Bacillus subtilis fermentation extract/0.2 mL saline diluent.

2SEM = Standard error of means.
3Means within a row with different superscripts.
abedgionificantly differ.
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Table 5. Effect of Bacillus subtilis and its delivery routes on broiler chicken plasma biochemistry indices.

1
Treatments
Parameters

Negative control  In-feed antibiotic ~ In-feed probiotic  In ovo probiotic 1  In ovo probiotic2 SEM” P value®

Electrolytes (mmol-L™1)

Sodium 149.4" 152.0° 1517 151.2"" 151.6™ 0.52  0.031
Potassium 6.96 6.62 6.64 6.85 6.87 0.07 0.416
Sodium: Potassium 21.49 23.04 23.04 22.18 22.07 0.25 0.090
Chloride 109" 113 111" 111" 110™ 0.5 0.022
Calcium 3.16 2.80 2.98 3.03 3.11 0.06 0.148
Phosphorus 2.47 2.18 2.29 2.38 2.34 0.05 0.317
Magnesium 0.87 0.80 0.78 0.80 0.84 0.01 0.063
Metabolites (mmol-L™1)
Urea 0.31 0.30 0.35 0.29 0.28 0.01 0.318
Glucose 15.5 15.3 15.6 16. 15.4 0.14 0.542
Cholesterol 3.49 3.53 3.51 3.43 3.63 0.05 0.859
Tron 18.5 20.6 21.1 19.9 19.7 0.01 0.772
Bile acids 22.5 24.4 24.4 20.7 25.2 0.94 0.584
Uric acid 364 375 424 384 396 0.01 0.498
Creatinine 1.99 1.69 2.00 1.55 6.42 0.06 0.083
Enzymes (U-L )
Amylase 606 703 726 795 782 38.6 0.579
Lipase 22.1 23.7 24.3 20.4 20.7 0.03 0.895
Creatine kinase 6,496 8,291 7,562 5,111 4,598 0.04 0.411
Alkaline Phosphatase 10,205 7,775 11,986 13,378 9,264 1000 0.438
Alanine transaminase 2.62 2.25 3.56 2.00 2.38 0.04 0.287
Aspartate Aminotransferase 166 192 184 159 162 0.01 0.318
Gamma-Glutamyl Transferase 9.17 10.72 9.50 9.50 10.72 0.26 0.140
Proteins (g1 ")
Total Proteins 28.6 27.2 28.2 29.4 29.1 0.001 0.596
Albumin 11.8 11.9 11.7 11.9 11.6 0.14 0.973
Globulin 16.7 15.3 16.3 17.5 17.4 0.003 0.421
Albumin: Globulin 0.71 0.78 0.73 0.69 0.67 0.02 0.429

'Treatments include— (1) Negative Control treatment- chicks fed a basal corn-soybean meal-wheat—based diet; (2) In-feed antibiotics- chicks fed
NC + 0.05% bacitracin methylene disalicylate; (3) In-feed probiotics- chicks fed NC 4 0.005% Bacillus subtilis containing 1 x 10° CFU /kg of feed; (4) In
ovo probiotics group 1- eggs injected with 10 x 10 CFU of Bacillus subtilis fermentation extract,/0.2 mL saline diluent; and (5) In ovo probiotics group 2-
eggs injected with 20 x 10° CFU of Bacillus subtilis fermentation extract /0.2 mL saline diluent.

*SEM = Standard error of means.

3Means within a row with different superscripts

*PSignificantly differ.

Firmicutes. Phylum Actinobacteria (range of 0.2—3.4%  the genus taxa, the ileal microbiota was dominated by
across treatments) and Proteobacteria (range of 0.1  ~54% Lactobacillus, with a 43 to 65% relative abun-
—3.1% across treatments) together accounted for the  dance across treatment groups. Other predominant gen-
remainder of the ceca phyla microbiota composition. era in the ileum included Streptococcus > Enterococcus
Phylum Bacteroidetes were not reported in the ceca. At > Romboutsia > Clostridium sensu_ stricto_ 1 >

Table 6. Effect of Bacillus subtilis and its delivery routes on broiler chicken intestinal morphology.

Treatments'
Parameters Negative control ~ In-feed antibiotic ~ In-feed probiotic ~ Inovo probiotic1  Inovo probiotic2  SEM?  Pvalue®
Duodenum
Villus height (mm) 2.04" 2.14™ 2.15" 2.28" 2.21° 0.02 <0.001
Villus width (mm) 0.22" 0.24" 0.22" 0.22" 0.25" 0.00 0.003
Crypt depth (mm) 0.16 0.14" 0.14" 0.15a" 0.15"" 0.00 0.004
Villus height: Crypt depth 12,5 15.0" 14.7" 15.5" 14.4* 0.19 <0.001
Jejunum
Villus height (mm) 1.15 1.17 1.12 1.16 1.11 0.01 0.497
Villus width (mm) 0.25" 0.20" 0.23" 0.24" 0.26" 0.00 <0.001
Crypt depth (mm) 0.11%" 0.10° 0.10" 0.12° 0.117" 0.00 <0.001
Villus height: Crypt depth 10.2" 11.8° 10.7°" 9.30™ 9.88° 0.18 <0.001
Ileum
Villus height (mm) 0.76" 0.77°" 0.82" 0.70" 0.74"" 0.01 0.001
Villus width (mm) 0.18" 0.18" 0.17" 0.20° 0.19™" 0.00 0.007
Crypt depth (mm) 0.15 0.13" 0.14*" 0.13" 0.14%"° 0.00 0.002
Villus height: Crypt depth 5.01" 5.74" 5.68"" 5.47" 521" 0.10 0.028

'Treatments include — (1) Negative Control treatment- chicks fed a basal corn-soybean meal-wheat—based diet; (2) In-feed antibiotics- chicks fed
NC + 0.05% bacitracin methylene disalicylate; (3) In-feed probiotics- chicks fed NC 4 0.005% Bacillus subtilis containing 1 x 10® CFU /kg of feed; (4) In
ovo probiotics group 1- eggs injected with 10 x 106 CFU of Bacillus subtilis fermentation extract /0.2 mL saline diluent; and (5) In ovo probiotics group 2-
eggs injected with 20 x 10° CFU of Bacillus subtilis fermentation extract /0.2 mL saline diluent.

*SEM = Standard error of means.

3Means within a row with different superscripts.

*P<Significantly differ.
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Figure 2. Alpha diversity (Shannon’s index) box plots show (a) significant difference between ileal and cecal microbiota (T-test, P> 0.001), (b)
no significant effect of treatments on ileal microbiota diversity (ANOVA, P = 0.180), (c¢) no significant effect of treatment on ceca microbiota
(ANOVA, P = 0.320). Treatments include— A) Negative Control treatment- chicks fed a basal corn-soybean meal-wheat—based diet; (B) In-feed
antibiotics- chicks fed NC + 0.05% bacitracin methylene disalicylate; (C) In-feed probiotics- chicks fed NC + 0.005% Bacillus subtilis containing
1 x 10® CFU /kg of feed; (E) In ovo probiotics group 1- eggs injected with 10 x 10° CFU of Bacillus subtilis fermentation extract /0.2 mL saline dilu-
ent; and (F) In ovo probiotics group 2- eggs injected with 20 x 10° CFU of Bacillus subtilis fermentation extract /0.2 mL saline diluent. Boxes in the
boxplots denote interquartile range, solid middle line in the boxes denote the median, and dotted lines denote the means, all symbols outsides the

boxes represent outliers.

Lachnospiraceae Sp. > Candidatus Arthromitus > Fae-
calibacterium > Peptostreptococcaceae Intestinibacter.
Unlike the ileum, the ceca were dominated by ~48%
genus Ruminococcaceae Faecalibacterium, with a 39 to
53% relative abundance across treatment groups.
Other predominant genera in the ceca followed the order
Lachnospiraceae Sp. > Streptococcus > Romboutsia >
Ruminococcaceae Sp. > Lactobacillus > Peptostrepto-
coccaceae Intestinibacter >  Clostridium sensu_ -
stricto_1 > FEnterococcus. Concurrently, significant
differences in the cumulative proportions of bacteria in
the genus FEnterococcus in the ileum were observed

(Figure 6b). While the in-feed antibiotic treatment
increased (P = 0.02) the proportion of this bacteria com-
pared to the in-feed probiotics and in ovo probiotic 1
treatment, other treatments recorded intermediate pro-
portions of bacteria in this genus. Similarly, in the ceca,
significant differences in the cumulative proportion of
bacteria were only detected in the genus Streptococcus
(Figure 6a). The in-feed antibiotic treatment reduced
(P = 0.03) the proportion of bacteria in this genus com-
pared to the in-feed probiotics treatment. Other treat-
ments recorded statistically intermediate proportions of
bacteria in this genus.
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Figure 3. Beta diversity (based on analysis based on Bray-Curtis Index) principal coordinate plots show (a) significant difference between ileal
and cecal microbiota (PCOA, ANOSIM, P > 0.05), (b) no significant effect of treatments on ileal beta diversity (PCA, ANOSIM, P > 0.05), (c) no
significant effect of treatment on ceca beta diversity (PCA, ANOSIM, P > 0.05). Treatments include— A) Negative Control treatment- chicks fed a
basal corn-soybean meal-wheat—based diet; (B) In-feed antibiotics- chicks fed NC + 0.05% bacitracin methylene disalicylate; (C) In-feed probiotics-
chicks fed NC + 0.005% Bacillus subtilis containing 1 x 10% CFU /kg of feed; (E) In ovo probiotics group 1- eggs injected with 10 x 10° CFU of Bacil-
lus subtilis fermentation extract /0.2 mL saline diluent; and (F) In ovo probiotics group 2- eggs injected with 20 x 10° CFU of Bacillus subtilis fer-
mentation extract /0.2 mL saline diluent. Principal coordinates analysis- PCO-A, Principal component analysis-PCA and ANOSIM- Analysis of

Similarities.
DISCUSSION

The use of Bacillus subtilis probiotic strains as pro-
spective alternatives to AGPs due to their spore-form-
ing, immunomodulatory and antibacterial properties
continue to gain momentum in the poultry industry
(Duc et al., 2004; Griggs and Jacob, 2005). Nonetheless,
like other competitive exclusion cultures, strain-specific
properties like proteolytic activity, toxin-producing
capacity, inoculation dose, and delivery routes are
potential factors that could limit their efficacy
(Edens et al., 1997; Peebles, 2019). Using selected
parameters and direct comparison to an AGP (Bacitra-
cin); this study thus attempts to validate the optimum
dose (10 x 10° CFU vs. 20 x 10° CFU) and delivery
route (in ovo vs. in-feed) of Bacillus subtilis that qualify
it as an effective alternative to AGP.

This study revalidates previous reports from our labo-
ratory (Oladokun et al., 2021a) that showed that amni-
otic delivery of Bacillus subtilis fermentation extract at
embryonic day 18 had no negative effect on embryo via-
bility and hatchability. Both in ovo probiotics treat-
ments in this study recorded ~96% hatchability, similar
to the noninjected eggs. Consistent with the result
reported here, other studies (Edens et al., 1997;

Pender et al., 2016, 2017; Majidi-Mosleh et al., 2017a,b;
Castaneda et al., 2020; Alizadeh et al., 2020) have also
affirmed no adverse effect of in ovo delivered probiotics
on hatchability. Contrastingly, although dependent on
the broiler chicken strain, probiotic strain, injection site,
and injection dose (De Oliveira et al., 2014; El-
Moneim et al., 2020; Ledo et al., 2021), a few studies
(Meijerhof and Hulet, 1997; Triplett et al., 2018) have
reported reduced hatchability following in ovo delivery
of probiotics. Besides, Uni and Ferket (2003) patent has
previously recommended that amniotic delivery of
enteric modulators between embryonic d 17 and 19 does
not impair hatchability, as the developing embryo maxi-
mizes in ovo delivered substances at this time-point.
Additionally, chicks hatched from the noninjected eggs
treatment in this study recorded reduced ratio of chick
body weight to egg weight compared to the in ovo saline
and in ovo probiotics 2 treatments. Several factors
including egg size (Wilson, 1991; Tahir et al., 2011),
length of egg storage (Lapao et al., 1999), post-hatch
chick-holding time (Pinchasov, 1991; Reis et al., 1997),
and age of breeder flock (Leao et al., 2021) are reported
to influence the ratio of chick body weight to egg weight.
Older breeder flocks are known to lay heavier eggs, and
heavier eggs usually undergo less dehydration leading to
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Figure 4. Gut microbiota composition at the phylum taxa for both (a) ileal and (b) cecal digesta in broiler chickens with treatment groups- A)
Negative Control treatment- chicks fed a basal corn-soybean meal-wheat—based diet; (B) In-feed antibiotics- chicks fed NC + 0.05% bacitracin
methylene disalicylate; (C) In-feed probiotics - chicks fed NC + 0.005% Bacillus subtilis containing 1 x 10® CFU /kg of feed; (E) In ovo probiotics
group 1- eggs injected with 10 x 10° CFU of Bacillus subtilis fermentation extract /0.2 mL saline diluent; and (F) In ovo probiotics group 2- eggs
injected with 20 x 10% CFU of Bacillus subtilis fermentation extract /0.2 mL saline diluent.

a high chick body weight to egg weight ratio. Consider-
ing that all eggs in this study were sourced from the
same source and underwent similar incubation and post-
hatch conditions, the observed result might not be
attributed to the variabilities associated with egg source,
egg storage, or post-hatch handling condition. Addition-
ally, although randomly allotted, the average weight of
noninjected eggs in this study was at least 0.2% heavier
than other treatments (data not shown), suggesting
that egg size could also not have influenced the observed
result. Nonetheless, chick body weight to egg weight
ratio recorded for all treatments in this study were
within the normal range (62—76%) for broiler chickens
reported by Kumar et al. (1994). Despite the foregoing,
it would be important to limit the use of small-sized eggs
in current hatchery practice, as this has practical impli-
cations on bird hatch weight and subsequent market
weights.

Furthermore, in this study, at the end of the total trial
period (d 35) and Wk 5 especially, all probiotics treat-
ments (irrespective of delivery routes) recorded similar
feed conversion efficiency (P > 0.05) as the antibiotic
treatment, with similar or less feed intake (P < 0.1).
Several studies have affirmed the role of AGP (especially

BMD) in improved growth performance (especially via
increased AFI) in poultry (Gadde et al., 2017a;
Karthikeyan et al., 2017; Walters et al., 2019). On the
other hand, probiotics (whether in-feed or in ovo) are
theorized to improve growth performance in poultry by
positively modulating the gut microbiota in favor of
host’s nutrient utilization and energy uptake
(Furuse and Yokota, 1985). Notwithstanding, variable
results on the effect of probiotics (especially Bacillus sub-
tilis) supplementation on growth performance are
reported in the literature. Consistent with the results
presented here, a number of studies (Knap et al., 2011;
E Malik et al., 2016; Majidi-Mosleh et al., 2017a,b; ;
Duneska and Bustillo, 2020; Castaneda et al., 2021)
have reported no significant effect of Bacillus subtilis
delivered across several routes (in-feed, in-water, or in
ovo) on ABWG in broiler chickens. Conversely,
improved ABWG following probiotics supplementation
across several routes has also been reported in poultry
(Aliakbarpour et al., 2012; Sen et al., 2012; Jeong and
Kim, 2014; Gadde et al., 2017b; Hayashi et al., 2018). A
plethora of factors, including probiotic viability, diet
interaction, bird’s genetic potential, and environmental
or stress status, could account for the inconsistency in
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Figure 5. Gut microbiota composition at the genus taxa for both (a) ileal and (b) ceca digesta in broiler chickens with treatment groups- A)
Negative Control treatment- chicks fed a basal corn-soybean meal-wheat—based diet; (B) In-feed antibiotics- chicks fed NC + 0.05% bacitracin
methylene disalicylate; (C) In-feed probiotics- chicks fed NC + 0.005% Bacillus subtilis containing 1 x 10® CFU/kg of feed; (E) In ovo probiotics
group 1- eggs injected with 10 x 10° CFU of Bacillus subtilis fermentation extract /0.2 mL saline diluent; and (F) In ovo probiotics group 2- eggs
injected with 20 x 10° CFU of Bacillus subtilis fermentation extract /0.2 mL saline diluent.

probiotics effect on growth performance recorded across
the literature (Patterson and Burkholder, 2003;
Mountzouris et al., 2007b; Flint and Garner, 2009).
Additionaly, it has been speculated that a single time
point delivery of Bacillus subtilis via the in ovo route
might only guarantee a transient beneficial effects in the
chicken gut (Latorre et al., 2014; Bernardeau et al.,
2017). Both Patterson and Burkholder (2003) and
Nunes et al. (2012) have submitted that significant
improvement in growth performance following probiot-
ics supplementation is mostly feasible in evironmental or
imunological challenged birds producing below their
genetic potential. Although, the birds utilized in this
study have been genetically selected for high growth per-
formance, it is interesting to note that all probiotics
treatments recorded at most 3-point less FCR values at
d35, compared to the performance objectives metric rec-
ommended by the breeders (Cobb, 2018).

Similar to the results on growth performance, all pro-
biotic treatments (regardless of delivery routes) in this
study reduced the concentration of serum IgG com-
pared to the control treatment. Serum immunoglobu-
lins are reflective of the humoral immune status of the

bird. Despite the considerable number of reports in the
literature that have reiterated the immunomodulatory
role of probiotics (Haghighi et al., 2006; Bai et al.,
2017; Pender et al., 2017; Royan, 2017), a complete
mechanistic insight on the specific mode (s) of action is
vet to be fully elucidated. A few of the prevailing ratio-
nale for the immunomodulatory role of probiotics in
the literature will include increased antimicrobial
peptide production (Royan, 2017), neutralizing dysbio-
sis (Cisek and Binek, 2014), mucosal immunostimula-
tion (Nava et al., 2005), and increased antibody
production against infectious antigens (Lee et al.,
2007). Consistent with the report in the literature,
Kabir et al. (2004) and Elkhouly et al. (2016) reported
increased antibody production in broiler chickens
exposed to sheep red blood cells and pathogenic antigen
challenges. On the contrary, considering that birds in
this study were raised under experimental conditions
and were not subjected to any form of challenge, it is
rational to speculate that the reduced levels of serum
IgG might be a result of probiotics elimination of path-
ogenic agents that could have resulted in increased pro-
duction of natural antibodies. This is corroborated by
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Figure 6. Significant differences in cumulative proportions of bacteria in the genera (a) Streptococcus in the ceca (ANOVA, P = 0.023) and
(b) Enterococcus in the ileum of broiler chickens (ANOVA, P = 0.031) under different treatment groups. Treatment groups include A) Negative
Control treatment- chicks fed a basal corn-soybean meal-wheat—based diet; (B) In-feed antibiotics- chicks fed NC + 0.05% bacitracin methylene dis-
alicylate; (C) In-feed probiotics- chicks fed NC + 0.005% Bacillus subtilis containing 1 x 10® CFU /kg of feed; (E) In ovo probiotics group 1- eggs
injected with 10 x 10° CFU of Bacillus subtilis fermentation extract /0.2 mL saline diluent; and (F) In ovo probiotics group 2- eggs injected with
20 x 10° CFU of Bacillus subtilis fermentation extract /0.2 mL saline diluent.

the report of Munyaka et al. (2012), a similar unchal-
lenged study with broiler chickens. Nothwithstanding,
more studies are needed to provide a broader under-
standing of the immunomodulatory mechanisms of pro-
biotics in poultry.

With regards to blood biochemistry indices, the in-
feed antibiotics treatment recorded increased levels of
blood plasma sodium and chloride, compared to the NC
treatment. The blood is often considered a window to
the health status of the bird. This report’s findings are

consistent with recent data from our laboratory
(Oladokun and Adewole, 2022), which also demon-
strates that the use of in-feed antibiotics raises the levels
of both electrolyte minerals. While all evaluated blood
biochemical indices are in the range of published values
for healthy broiler chickens (Ilo et al., 2019), both elec-
trolyte minerals were within the upper limit of those
ranges (Leeson and Summers, 2001). The effect of anti-
biotics on the levels of these blood minerals is largely
unreported in the literature. However, excessive levels of
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these minerals in the blood have been linked with the
maladies of acidosis, immunosuppression, and poor bone
health (Oviedo-Rondén et al., 2001; Pohl et al., 2013).
This study may thus offer even another reason to pro-
mote the cessation of AGP use in poultry.

In terms of gut morphology, treatment effects were
quite variable in this study. Broiler chicken growth rate
has been correlated with its gut morphological develop-
ment (Smith et al., 1990), as the gut is predicted to
account for about 1.5% of body weight (Faruq et al.,
2019). In this study, both in ovo probiotic treatments
and in-feed antibiotics treatment improved duodenal
morphology, compared to the NC treatment, as evi-
denced by increased villus width and villus height to
crypt depth ratio. In the jejunum, while the in-feed anti-
biotic treatment recorded the highest villus height to
crypt depth ratio compared to other treatments, all pro-
biotics treatments had wider villus compared to the in-
feed antibiotic treatment. In the ileum, the in-feed anti-
biotics treatment only recorded higher villus height to
crypt depth ratio than the NC treatment. Nonetheless,
in terms of improved ileal morphology, as evidenced by
villus height to crypt depth ratios, both levels of in ovo
delivered probiotics displayed statistical similarity. The
almost identical growth performance indices observed in
this study could be potentially explained by the statisti-
cal comparability for evaluated gut morphological indi-
cators demonstrated by most treatments. Although the
jejunum is thought to be the primary location of nutri-
ent absorption in the intestine (Zeinali et al., 2017),
broiler chickens’ duodenum and ileum also play impor-
tant roles in the digestion and absorption of protein, lip-
ids, fat-soluble vitamins, and starch (Svihus, 2014).
Increased villus height and villus height to crypt depth
ratio are indicators of higher epithelial cell turnover and
a well-differentiated intestinal mucosa, usually sugges-
tive of increased digestive and absorptive ability
(Jeurissen et al, 2002). Numerous studies
(Viveros et al., 2011; Khodambashi Emami et al., 2012;
Adewole and Akinyemi, 2021; Akinyemi and Ade-
wole, 2022) have already documented the beneficial
effects of AGP (particularly BMD) on the gut, which
are frequently linked to their antibacterial and gut
microbiota-modulating capabilities. In agreement with
the result presented here, probiotics have also been
shown to have a positive effect on broiler chicken gut
morphological indices, in numerous studies (Awad et al.,
2008, 2010; Aliakbarpour et al., 2012; Deng et al., 2012;
Xiang et al, 2019; Castaneda et al., 2020; El-
Moneim et al., 2020; Bogustawska-Tryk et al., 2021).
Neverthelesss, it is inferable from these studies that this
beneficial effect might be dependent on probiotic strains
and delivery routes, with lactic acid-based probiotics
and in ovo delivery routes affording the most benefits.
Probiotics are thought to exert this beneficial effect
through competitive exclusion of pathogens (which
occurs early enough in the case of in ovo delivery)
(Vieco-Saiz et al., 2019; Castaneda et al., 2020).

As highlighted in the introductory section, one of the
benefits derivable from in ovo delivery of probiotics is

the advantage of colonizing the gut microbiota with ben-
eficial microbes very early on, rather than trying to alter
an already established microbiota in later life. In this
study, the different evaluated gut sections (i.e., ileum
and caecum) revealed distinct microbial diversity
(alpha-Shannon index), with the ceca recording higher
diversity compared to the ileum. However, treatments
had no significant effect on alpha diversity index across
both gut sections in this study. This result is in confor-
mation with prevailing knowledge in the literature
that microbial diversity is higher in the ceca compared
to the ileum as a result of higher fermentation activity
(Mohd Shaufi et al., 2015; Qin et al, 2018;
Oladokun et al, 2022). Similarly, other studies
(Chang et al., 2020; Oladokun et al., 2021a; Zhang et al.,
2021; Guo et al., 2021; Deng et al., 2022; Memon et al.,
2022) involving probiotics supplementation have also
reported no significant effect of probiotics (irrespective
of delivery routes) on alpha diversity indices. According
to Thibodeau et al. (2015), only extreme events that
distort the number of ecological niches across bacterial
species can modify alpha diversity indices. Beta diversity
analysis also showed no variation in microbial commu-
nity structure between treatments at the ileum and
caecum, but there were clear differences in bacterial
community profile across both gut sections.
Oladokun et al. (2021a) have previously reported that
Bacillus subtilis supplementation across several routes
does not cause a shift in beta diversity. Asides from dif-
ferences in gut sections and nutrition, other potential
factors that could cause a shift in beta diversity include
broiler chicken age, breed, and environmental/stress
condition (Stanley et al., 2014; Oakley et al., 2014;
Choi et al., 2015). Regarding microbiota composition,
phylum Firmicutes, Actinobacteria and Proteobacteria
were the dominant taxa across both ileum and caecum.
Similar findings have been reported in ileal and
cecal samples from probiotic-supplemented broiler
chickens (Wang et al., 2017; Oladokun et al., 2021a;
Memon et al., 2022). Furthermore, the in-feed antibiot-
ics treatment increased the abundance of bacteria in the
genus Enterococcus in the ileum compared to the in-feed
probiotics and in ovo probiotic 1 treatment. The genus
Enterococcus potentially consists of harmful and benefi-
cial species. For instance, Tortuero (1973) has previ-
ously reported that the implantation of probiotics Lact.
acidophilli to leghorn chicks could promote bacterial
antagonists that would subsequently inhibit the abun-
dance of bacteria in the genus Enterococci, dubbed to
cause a “fat malabsorption syndrome.” Contrarily,
Enterococcus faecium is an important lactic acid-pro-
ducing bacteria famous for its use as probiotics in poul-
try production (Yu, 2018; Zheng et al., 2020). Beneficial
effects associated with FEnterococcus faecium includes
pathogen exclusion, improved host immunocompetence,
improved feed conversion ratio, and weight gain, and
enhanced antioxidant status (Capcarova et al., 2011;
Kreuzer et al., 2012; Wu et al., 2019). Feed additives,
including probiotics, antibiotics, and anticoccidials,
have all been reported to enhance the abundance of
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bacteria in the genus Enterococcus in healthy broiler
chickens (Lu et al., 2003). Additionaly, in the cecum,
the proportion of bacteria in the genus Streptococcus
was reduced by the in-feed antibiotic treatment com-
pared to the in-feed probiotics treatment. Similar to the
genus Fnterococcus, the activities of bacteria in the
genus Streptococcus might also be species-specific.
Streptococcus jaecalis has been implicated in the
incidence of “fat malabsorption syndrome,” which was
counteracted  with  antibiotics = supplementation
(Huhtanen and Pensack, 1965). Conversely, a few stud-
ies have also reported the capacity of Streptococcus ther-
mophilus to enhance gut integrity (Briskey et al., 2016;
Zeng et al., 2017). Consistent with the result observed
here, Bauer et al. (2019) have reported that oregano sup-
plementation (1% w/v) on microbial cell cultures
obtained from the cecum of broiler chickens significantly
reduced bacteria in the genus Streptococcus. Given the
healthy state of the flock in this study, it is probable
that treatments in this study might have enhanced the
abundance of beneficial species of both genera.

CONCLUSIONS

This study has successfully revalidated that amniotic
delivery of Bacillus subtilis fermentation extract at
embryonic d 18 has no adverse effect on embryo viability
and hatchability. In ovo delivered Bacillus subtilis in this
study recorded ~96% hatchability. All Bacillus subtilis
treatments (independent of delivery routes and dose)
were mostly comparable to the in-feed antibiotics treat-
ment in their ability to ensure gut microbiota homeosta-
sis, enhanced gut morphology, and feed conversion
efficiency, even while consuming similar or less feed.
Similarly, all Bacillus subtilis treatments reduced serum
IgG concentrations compared to the negative control
treatment. However, the in ovo delivered Bacillus subti-
lis treatments showed the lowest numerical decrease in
serum IgG concentrations, suggesting that Bacillus sub-
tilis (especially in ovo delivered) might provide broiler
chickens with better immunological protection by neu-
tralizing pathogenic organisms that could result in the
production of natural antibodies, without adversely
affecting hatch and growth performance. As the results
obtainable for both in ovo Bacillus subtilis delivered
treatments were mostly comparable for most of the eval-
uated parameters, the in ovo probiotics 1 (10 x 10°
CFU) treatment might thus be a more practical option
from an economic standpoint. Nonetheless, it would be
important for further research to determine if indeed
immunological protection is conferred on broiler chick-
ens supplemented with this treatment under some sort
of immunological or environmental challenge conditions.
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