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ABSTRACT Probiotics and phytobiotics have demon-
strated effective improvement of gut health in broiler
chickens when individually administered in-ovo. How-
ever, their combined use in-ovo, has not been studied to
date. We coined the term “prophybiotic”
(probiotic + phytobiotic) for such a combination. The
current study therefore, aimed to elucidate the effects of
combined use of a selected probiotic and a phytobiotic
in-ovo, on broiler gut health and production parameters,
as opposed to use of probiotics alone. ROSS 308 hatch-
ing eggs were injected with either Leuconostoc mesen-
teroides (probiotic: PB) or L. mesenteroides with garlic
aqueous extract (prophyiotic: PPB) on the 12th day of
incubation. Relative abundances of bacteria in feces and
cecal content (qPCR), immune related gene expression
in cecal mucosa (qPCR) and histomorphology of cecal
tissue (PAS staining) were analyzed along with produc-
tion parameters (hatch quality, body weight, feed effi-
ciency and slaughter and meat quality). PPB treatment
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increased the abundance of faecalibacteria and bifido-
bacteria in feces (d 7) and Akkermansia sp. in cecal con-
tent. Moreover, it decreased Escherichia coli abundance
in both feces (d 34) and cecal content. PB treatment
only increased the faecalibacteria in feces (d 7) and
Akkermansia sp. in the cecal content. Moreover, PPB
treatment resulted in up-regulation of immune related
genes (Avian beta defensing 1, Free fatty acid receptor 2
and Mucin 6) and increased the crypt depth in ceca
whereas PB treatment demonstrated a higher crypt
depth and a tendency to increase Mucin 6 gene expres-
sion. Both treatments did not impair the production
parameters studied. In conclusion, our results suggest
that in-ovo PPB treatment may have enhanced poten-
tial in boosting the immune system without compromis-
ing broiler production and efficiency, as compared to the
use of probiotic alone. Our study, highlights the poten-
tial of carefully selected PPB combinations for better
results in improving gut health of broiler chickens.
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INTRODUCTION

Ensuring optimal gut health in broilers is imperative
in broiler production as it impacts many aspects of the
industry including the production and welfare of birds
and food safety of the broiler meat products (Oviedo-
Rond�on, 2019). As broilers have been selected inten-
sively for fast growing and efficiency parameters, there is
a tradeoff in the energy utilization between the produc-
tion and immunity (van der Most et al., 2011; Dadfar et
al., 2023). In this respect, an impairment or stimulation
in gut health may cause a higher energy burden towards
maintaining the immunity instead of rapid production.
Therefore, it is important to investigate the gut health
parameters alongside the production parameters of fast
growing broiler chickens in order to maintain the sus-
tainability of broiler production.
The gut microbiome has been identified as a key

player in gut health, immunity and metabolism of
broiler chickens via training and stimulating immune
response, recruitment of immune cells, production of
immunostimulant chemicals/signals and direct and indi-
rect pathogen exclusion (Fathima et al., 2022). Unlike
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mammals, broiler chicks mostly hatch in a relatively
sterile environment (due to sterilization of eggs and com-
mercial hatchers) without a maternal contact (Kogut,
2019; Dunislawska et al., 2021) and face delays in access
to feed (due to longer hatching windows and transporta-
tion) (Proszkowiec-Weglarz et al., 2022). Broilers there-
fore, have a less opportunity to colonize their gut with
beneficial commensal bacteria. For this reason, there is a
high likelihood that they may be exposed to environmen-
tal pathogens given the lack of a strong microbiome to
out-compete. To address this, many scientists suggest
an early intervention strategy such as in-ovo administra-
tion of bioactive substances such as probiotics, prebiot-
ics, synbiotics (probiotics + prebiotics) and phytobiotics
to manipulate the gut microbiome of broiler chickens
(Rubio, 2019). Moreover, the in-ovo technology may be
efficient when compared to other in-vivo methods (in
feed/water, microbiome transplants etc.), as there are
less influence from confounding environmental factors
which may reduce the efficiency of delivering the bioac-
tive substances (Kogut, 2019).

Recent evidence indicates that chicken eggs, particu-
larly the yolk sac and amniotic fluid undergo microbiota
changes over the course of embryonic development.
These changes displayed functional associations that
could be linked to early, mid and late stages of embry-
onic development indicating the role of native in-ovo
bacteria in the embryonic development of the broiler
chickens (Akinyemi et al., 2020). The in-ovo administra-
tion of prebiotics on 12th embryonic day (which marks
the mid phase of the embryonic development), demon-
strated a stimulating effect on beneficial groups of bacte-
ria present in the chicken eggs (Siwek et al., 2018). On
the contrary, probiotics administered in-ovo act as pio-
neer colonizers laying a foundation for a healthy micro-
biome. Interestingly, injection with synbiotics is known
to shape the gut microbiome by exerting both mecha-
nisms described above in shaping the gut microbiome
(Dunislawska et al., 2021). Furthermore, phytobiotics is
another category of biotics that has been tested in-ovo.
In-ovo delivery of phytobiotics also demonstrated bene-
ficial effects on hatchability, chick quality, antioxidant
activity and gut development via mechanisms such as
modulating gut microbiome and gene expression of the
host (Akosile et al., 2023).

Similar to the combined administration of probiotics
and prebiotics (synbiotics) in-ovo, it is of interest to
examine the effects of the combined use of probiotics
and phytobiotics in-ovo, on the gut health and produc-
tion of broiler chickens, due to their promising benefits
imparted individually. We have coined the term pro-
phybiotics (probiotics + phytobiotics) to describe
this type of combination (Wishna-Kadawarage et al.
2023) that may provide a prophylaxis in the poultry
gut. However, to the best of our knowledge, no previous
studies examined the potential of prophybiotic (PPB)
combinations in an in-ovo model to validate the possible
beneficial effects on the gut health of chickens.

The probiotic Leuconostoc mesenteroides (B/00288)
which was selected for the current study is currently
used in multistrain probiotic supplement for poultry
produced by JHJ, Nowa Wie�s, Poland, which has
resulted in reduction of Salmonella enteritidis (Smialek
et al., 2019) and Campylobacter spp. (Smialek et al.,
2018) in the broiler gastrointestinal tract. Likewise, Leu-
conostoc mesenteroides has displayed promising antimi-
crobial (Zhang et al., 2021, 2023) and probiotic (de
Paula et al., 2015) properties in previous studies. Fur-
thermore, L. mesenteroides is known to produce prebi-
otic oligosaccharides which do not stimulate the growth
of harmful pathogens such as Salmonella and E. coli but
beneficial bacteria in the gut (Chung and Day, 2004;
Miyamoto et al., 2023).
The garlic aqueous extract (0.5% w/v) with L. mesen-

teroides was identified as a compatible PPB pair as this
concentration of garlic aqueous extract neither inhibited
nor stimulated the growth of L. mesenteroides, in-vitro
(Wishna-Kadawarage et al., 2023). This indicated that
the antimicrobial compounds in garlic such as allicin
was non inhibitory to L. mesenteroides whereas garlic
fructans were not readily utilized by L. mesenteroides as
an energy source. Therefore, we hypothesized that when
combined, the garlic portion of the PPB will not be con-
sumed by L. mesenteroides, allowing it to purely act on
the host, causing additive or synergistic effects of the
combination.
Accordingly, the current study was conducted to vali-

date the effects of in-ovo application of the selected PPB
(L. mesenteroides + garlic aqueous extract) as opposed
to the use of probiotics alone on the gut health and pro-
duction parameters of ROSS 308 broiler chickens. To
our knowledge, our study is the first to use a PPB combi-
nation as well as a L. mesenteroides strain in an in-ovo
application in poultry.
As the ceca is the major organ which harbors the

majority of the gut microbiome of chickens, our investi-
gation was mainly focused on the microbiome, gene
expression and histomorphology of the ceca. Addition-
ally, fecal microbiome was analyzed together with the
production and meat quality parameters to exemplify
how the administration of PPB in-ovo, may affect the
gut health and production parameters of fast growing
broiler chickens.
MATERIALS AND METHODS

Egg Incubation and Experimental Design

A total of 400 ROSS 308 broiler hatching eggs were
incubated at the standard conditions (Temperature:
37.58C and Relative Humidity: 55%) (Midi series I, Fest
Incubators, Gosty�n, Poland). On the 12th day of incuba-
tion, after performing candling and removal of infertile
eggs and dead embryos, equal number of eggs were ran-
domly allocated into 4 in-ovo treatment groups namely;
negative control (NC), positive control (PC), probiotic
(PB), and PPB. The eggs of the NC group did not
receive any in-ovo injection and PC group eggs were
injected with 0.2 mL of sterile 0.9% NaCl physiological
saline solution (Natrium Chloratum 0.9% Fresenius
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KabiPac, Fresenius Kabi, Warsaw, Poland). The PB
group eggs were injected with 106 CFU of L. mesenter-
oides B/00288 probiotic bacteria suspended in 0.2mL of
0.9% NaCl physiological saline solution per egg. The
eggs of PPB group received a total volume of 0.2 mL
injection with L. mesenteroides probiotic suspension in
0.9% NaCl physiological saline and 0.5% (w/v) garlic
aqueous extract in 2:1 ratio by volume. Before the injec-
tions were performed, the blunt end (where the air cell is
located) of all the eggs was disinfected with 70% ethanol
to avoid unnecessary contamination. Next, each egg was
candled to locate the air cell and a hole was carefully
made into the egg shell (at the site of air cell) using 20 G
needles manually. The respective injection solutions
were then manually injected into the air cell space of
each egg with a 26 G needle insuring no damage to the
inner membranes of the egg. The injection holes were
then sealed with a drop of non-toxic glue (Elmer’s school
glue, Elmer’s Products Inc., Ohio). The injection was
carried out as quickly as possible and the eggs were then
transferred back to the incubator to continue the incu-
bation under standard conditions.
Preparation of Injection for PB Group

Leuconostoc mesenteroides (LM) was grown in MRS
broth media (BD Difco 288130, Fisher Scientific, Dublin,
Ireland) for 15 h (based on our preliminary experiments,
at 15 h of incubation LM had attained its peak growth
and had started the stationary phase of the growth
curve) to obtain the maximum number of cells in a met-
abolically active phase. The culture was then centrifuged
at 4,200 rpm for 20 min in a refrigerated (48C) centri-
fuge. The cell pellet was washed twice with sterile 0.9%
NaCl physiological saline solution and resuspended in
0.9% NaCl physiological saline. The optical density at
600 nm (OD600) of the solution was adjusted to 0.0311
(using Thermo Scientific Multiskan FC plate reader:
Thermo Fisher Scientific, Warsaw, Poland) to obtain a
cell density similar to 5 £ 106 CFU/mL (based on the
regression equation obtained between the CFU/mL and
OD600 by the preliminary experiments). From this bac-
terial suspension, 0.2mL was injected into each egg of
the PB group.
Preparation of Injection for PPB Group

Approximately, the same amount of bacteria (106

CFU/egg) was delivered of the PPB injection as the PB
injection to compare the results of PPB vs. PB alone.
However, as the volume of injection material was a con-
stant (0.2 mL/egg) across all treatments, the volume of
bacterial suspension here was 2/3 the amount (as the
PPB injection consisted of 2 components, the bacterial
suspension and garlic aqueous extract, in 2:1 ratio by
volume). Therefore, a bacterial suspension with a higher
concentration was necessary for the PPB injection mix-
ture. A separate bacterial suspension was prepared by
adjusting to a higher OD600 (corresponds to 7.5 £ 106
CFU/mL cell density) as described in the preparation of
injection for PB group. Similarly, in order to obtain
0.5% (w/v) garlic concentration in the final injection
mixture (in which only 1/3 garlic extract is included),
0.15g of finely milled air dried garlic powder was added
to 10mL of sterile distilled water, and the protocol to
activate the allinase enzyme thereby producing allicin
was carried out as described in Wishna-Kadawarage et.
al (2023). Both components (the bacterial suspension
and garlic aqueous extract) were combined at 2:1 ratio
and the mixture was gently mixed. A volume of 0.2mL
of this mixture was used to inject each egg in the PPB
group.
Hatching and Data Collection

Upon completion of the incubation period, the hatch-
ability of each group was recorded. The chicks hatched
from each group were wing tagged for identification.
The weight (when the chicks are dried well) and length
of 25 randomly selected birds/group were recorded.
Chick length was measured from the tip of the beak to
the tip of the middle toe by placing the chick face down
on a flat surface and straightening the right leg (Sozcu
and Ipek, 2015). The chick quality of ten birds (out of
the 25 randomly selected birds per a group) was assessed
by performing the Pasgar scoring as described in the
Lohmann breeder guide (“Lohmann Hatchery Guide,”).
Animal Rearing and Sample Collection

The rearing and slaughter of the birds were carried
out in accordance with the guidelines of the Ethics Com-
mittee for Experiments with Animals and regulations of
the Polish Act on the Protection of Animals Used for
Scientific or Educational Purposes of 15 January 2015
(which implements Directive 2010/63/EU of the Euro-
pean Parliament and the Council of 22 September 2010
on the protection of animals used for scientific pur-
poses).
The chickens belonging to 4 treatment groups were

contained in separate pens having uniform optimal, elec-
tronically controlled environmental conditions (temper-
ature, lighting regime, air humidity). Broilers were fed
ad libitum with starter (1-21 d) grower (22−28 d) and
finisher (29−35 d) dry mixes containing 22.3, 20.2, and
20.2% crude protein and 12.45, 13.01 and 13.01 MJ/Kg
metabolizable energy, respectively, and had unlimited
access to drinking water. All the mixtures were prepared
according to the dietary requirements of broiler chickens
(Smulikowska and Rutkowski, 2018). All the birds were
raised until 35 d of age (market age) on deep litter pro-
viding the standard care. Eight feces samples from each
group were collected on the 7th day (1 wk posthatching)
and the 34th day (1 d before sacrifice) to quantify the
relative abundance of selected bacterial communities
(beneficial and potentially harmful) as a reflection of the
gut microbiome in early post hatch and final stages of
life of a broiler. The body weight and feed intake per
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group were recorded weekly to calculate the feed conver-
sion ratio (FCR = Total feed consumed/Total weight
gained) of each group.

On the 35th day after 10 h of fasting, 8 birds per
group were sacrificed (by decapitation and sus-
pended to bleed for approximately 90 s) to obtain
biological samples (cecal tissue, cecal mucosa, and
cecal content). The birds were sacrificed, the lumi-
nal content of ceca was carefully transferred to ster-
ile 5 mL micro-centrifuge tubes and placed
immediately in dry ice. The samples were trans-
ported in dry ice and stored at -80°C until use.
Cecal mucosa samples for gene expression analysis
were placed in tubes containing stabilization buffer
(fix RNA: E0280, EURx, Gda�nsk, Poland) for trans-
port at room temperature. Upon transportation, fix
RNA was removed and samples were frozen at �80°
C until use. The middle part of the cecum was
sampled for histology analysis and was directly pre-
served in Bouin’s solution (HT101128, Sigma-
Aldrich, Poznan, Poland) until processing.
Slaughter Analysis

After 24 h of cooling, carcasses were subjected to
slaughter analysis. Carcass dressing percentage with gib-
lets was estimated as the ratio of chilled carcass with
neck, abdominal fat, and edible giblets (gizzard, liver,
and heart) to live body weight. Carcass dressing percent-
age without giblets was estimated as the ratio of a
chilled carcass with neck and abdominal fat to live body
weight. The percentage of breast muscle, leg muscle
(thigh and drumstick), leg bones, giblets, and abdominal
fat were calculated as a percentage of the cold carcass
weight with giblets.
Meat Quality Analysis

The breast and thigh muscles were dissected from the
chilled carcasses and evaluated for physicochemical
properties (pH, color, drip loss, thawing loss, cooking
loss, shear force, and texture). All meat characteristics
Table 1. Primer sequences for determining the relative abundance of
qPCR.

Bacterial community Primer sequenc

Universal bacteria F: ACTCCTACGGGAGGCAG
R: GTATTACCGCGGCTGCT

Akkermansia sp. F: CAGCACGTGAAGGTGGG
R: CCTTGCGGTTGGCTTCA

Bifidobacterium sp. F: GCGTGCTTAACACATGC
R: CACCCGTTTCCAGGAGC

Escherichia coli F: CATGCCGCGTGTATGAA
R: CGGGTAACGTCAATGAG

Faecalibacterium sp. F: ACCATGAGAGCCGGGGG
R: GGTTACCTTGTTACGAC

Lactobacillus sp. F: AGCAGTAGGGAATCTTC
R: CACCGCTACACATGGAG

Prevotella sp. F: CCAGCCAAGTAGCGTGC
R: TGGACCTTCCGTATTAC

1F: Forward primer/ R: Reverse primer.
were determined following the method described by
Po»towicz et al. (2015).
Extraction of DNA

Extraction of DNA from feces samples and luminal
content of the ceca was performed using the GeneMA-
TRIX Stool DNA Purification Kit (E3575, EURx,
Gda�nsk, Poland) optimizing the manufacturer’s proto-
col. The quality and quantity of the extracted DNA was
determined using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Warsaw, Poland). The integrity of
the DNA was confirmed by performing electrophoresis
on a 2% agarose gel. The DNA samples were stored at
�808C until use.
Extraction of RNA

Isolation of RNA was performed by homogenizing the
mucosal tissues in 1mL of RNA extracol solution
(E3700, EURx, Gda�nsk, Poland) using a TissueRuptor
II homogenizer (990890, Qiagen, Wroc»aw, Poland) fol-
lowed by centrifugation with 0.2 mL of chloroform
(112344305, Chempur, Piekary �Sląskie, Poland). RNA
isolated in the supernatant was further purified using a
Universal RNA purification kit (E3598, EURx, Gda�nsk,
Poland) following the manufacturer’s protocol. The
quality, quantity, and integrity of RNA were validated
as described in the DNA extraction section. RNA was
stored at �808C until further use.
Analysis of Relative Abundance of Bacteria

The relative abundance of the selected bacterial com-
munities was determined using a quantitative PCR
(qPCR) method. In the fecal samples, quantification of
the relative abundance of Lactobacillus sp., Bifidobacte-
rium sp. Faecalibacterium sp. (beneficial) and Escheri-
chia coli (potentially harmful) was performed. In the
luminal content of ceca, Lactobacillus sp., Bifidobacte-
rium sp., Prevotella sp., Akkermansia sp. and Fecalibac-
terium sp. (beneficial) and E. coli (potentially harmful)
bacterial communities in the feces and luminal content of ceca via

e1 (50! 30) Reference

CAGT (Tannock et al., 1999)
GGCAC
GAC (Earley et al., 2019)
GAT
AAGTC (Penders et al., 2005)
TATT
GAA (Penders et al., 2005)
CAAA
G (Lund et al., 2010)
TT
CA (Slawinska et al., 2019)

A (Martin et al., 2002)
CGC
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were quantified. All bacterial communities were quanti-
fied relative to the universal bacterial quantity in each
sample. The primer sequences are indicated in the
Table 1.

The qPCR was performed in a total reaction mixture
volume of 12.5 mL containing 1 mM of each (forward
and reverse) primer (Sigma-Aldrich, Darmstadt, Ger-
many), 20 ng of DNA, and 6.25ml of SG qPCR Master
Mix (2x) (0401, EURx, Gda�nsk, Poland) in 96 well
plates (4TI-0955, AZENTA, Genomed, Warsawa,
Poland). The qPCR reaction for each sample was per-
formed using LightCycler 480 II (Roche-Diagnostics,
Rotkreuz, Switzerland) and 2 technical replicates. The
qPCR protocol included an initial denaturation at 958C
for 5 min, followed by 40 cycles of amplification. Each
amplification cycle consisted of a denaturation step at
958C for 10 s, an annealing step at 588C for 15 s, and an
elongation step at 728C for 30 s. The average Ct values
of the 2 technical replicates obtained were used for data
analysis. A standard curve for each primer pair was per-
formed using five 2£ dilutions (1x, 0.5x, 0.25x, 0.125x,
and 0.0625x) of pooled bacterial DNA of relevant sam-
ples of all treatment groups. Then the PCR efficiency for
each primer pair was determined using the LightCycler
480 II software (Roche-Diagnostics). The relative abun-
dances of the bacteria in the luminal content of ceca
were calculated using the following formula as described
in Slawinska et al. (2019):

RelativeAbundance %½ �

¼ Euniversalð ÞCt universal= Etargetð ÞCt target

E universal: qPCR Efficiency of universal bacteria
primers
Table 2. Primer sequences for determining the relative gene expressio

Gene name Gene symbol

Actin, beta ACTB F: CAC
R: CAT

Glucose-6-Phosphate Dehyfrogenase G6PDH F: CGG
R: GG

Avian beta-defensin 1 AVBD1 F: AAA
R: TTC

Cathelicidin 2 CATHL2 F: AGG
R: GG

Claudin 1 CLDN1 F: TCT
R: AAC

Free fatty acid receptor 2 FFAR2 F: GCT
R: ACA

Interleukin 1 beta IL1-b F: GGA
R: TCG

Interleukin 2 IL2 F: GCT
R: GG

Interleukin 6 IL6 F: AGG
R: TTG

Interleukin 8 IL8 F: AAG
R: GCT

Interleukin 10 IL10 F: CAT
R: CGT

Mucin 6 MUC6 F: TTC
R: TTG

1F: Forward primer/ R: Reverse primer.
Ct universal: Ct value of qPCR reaction for universal
bacteria

E target: qPCR Efficiency of target bacteria primers
Ct target: Ct value of qPCR reaction for target bacteria
Analysis of Immune Related Gene
Expression

The genes coding for immune related components
(pro- and anti-inflammatory cytokines: IL1-b, IL2, IL4,
IL6 and IL10, pro-inflammatory chemokine: IL8, free
fatty acid receptor 2 (FFAR2), host defense peptides:
AVBD and CATHL2 and barrier function related com-
ponents:MUC6 and CLDN1) were quantified by a quan-
titative reverse transcription PCR (RT-qPCR)
method. The relative gene expression was calculated
against the expression of ACTB and G6PDH genes as
the reference genes. The primer details are listed in the
Table 2.
Reverse transcription of the RNA samples was per-

formed using the smART First Strand cDNA Synthesis
Kit (0804, EURx, Poland) according to the manufac-
turer’s protocol. The qPCR was then performed 20 ng of
complementary DNA in the reaction mixture as
described in the analysis of relative abundance of bacte-
ria. The qPCR protocol for gene expression analysis
included an initial denaturation for 15 min (958C), fol-
lowed by 40 cycles of amplification (Denaturation: 958C
for 15 s, annealing: 588C for 30 s and elongation: 728C
for 30 s). The average Ct values of the 2 technical repli-
cates obtained were used for data analysis wherein rela-
tive gene expression was calculated using DDCt method
(Livak and Schmittgen, 2001).
n in cecal mucosa via qPCR.

Primer sequence1 (50! 30) Reference

AGATCATGTTTGAGACCTT (Sevane et al., 2014)
CACAATACCAGTGGTACG
GAACCAAATGCACTTCGT (Sevane et al., 2014)

CTGCCGTAGAGGTATGGGA
CCATTGTCAGCCCTGTG (Slawinska et al., 2019)
CTAGAGCCTGGGAGGAT
AGAATGGGGTCATCAGG (Slawinska et al., 2019)

ATCTTTCTCAGGAAGCGG
TCATCATTGCAGGTCTGTC (Slawinska et al., 2019)
GGGTGTGAAAGGGTCAT
CGACCCCTTCATCTTCT (Slawinska et al., 2019)
CATTGTGCCCCGAATTG
GGTTTTTGAGCCCGTC (Dunislawska et al., 2017)
AAGATGTCGAAGGACTG
TATGGAGCATCTCTATCATCA (Pietrzak et al., 2020)

TGCACTCCTGGGTCTC
ACGAGATGTGCAAGAAGTTC (Chiang et al., 2009)
GGCAGGTTGAGGTTGTT
GATGGAAGAGAGGTGTGCTT (S»awinska et al., 2014)
GAGCCTTGGCCATAAGT
GCTGCTGGGCCTGAA (Rothwell et al., 2004)
CTCCTTGATCTGCTTGATG
AACATTCAGTTCCGCCG (Slawinska et al., 2019)
ATGACACCGACACTCCT
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Analysis of Cecal Histology

Histomorphology of the cecal samples was performed
in a histological laboratory according to the methodol-
ogy of Bogucka et al. (2016) using the paraffin tech-
nique. Briefly, the samples which were preserved in
Bouin’s solution were taken out and sliced into approxi-
mately 1 cm lengths. The tissue pieces were put into a
tissue processor (Microm STP 120, Thermo Shandon,
Runcorn, United Kingdom) for overnight incubation in
which the tissues were subsequently dehydrated,
cleared, and infiltrated with paraffin. Next, the proc-
essed tissues were embedded into paraffin blocks manu-
ally in a transfer station (TES 99, Medite, Burgdorf,
Germany). Using a rotational microtome (Finesse ME+,
Thermo Shandon, Runcorn, United Kingdom), 7 mm
thick sections of each tissue sample were cut and
adhered to glass slides covered with egg white and glyc-
erin. Next, the slides were de-waxed and hydrated before
the staining.

PAS reaction (Dubowitz et al., 1973) was performed
on microscopic preparations. An Evolution 300 micro-
scope (Delta Opitcal, Warsaw, Poland) equipped with a
digital camera ToupCam (TP605100A, ToupTek,
Hangzhou, Zhejiang, China) was used to capture micro-
scopic images of caeca on a computer disk. The height
and width of villi and crypt depth were measured (10
measurements for each parameter per a chicken) using
the Multiscan 18.03 microscopic images software (Com-
puter Scanning Systems II, Warsaw, Poland). The villus
height to crypt depth ratio (VH/CD) was also calcu-
lated for each bird. The surface area of the villi was cal-
culated according to the formula of Sakamoto et al.
(2000).

Surface area of villi ¼ ð2pÞ � VW=2ð Þ � VHð Þ

VW= villus width,
VH = villus height.
Figure 1. The weight of chicks at hatch across in-ovo treatment
groups. Error bars: § SE. Homogenous means have been indicated by
similar letters (in descending order). Abbreviations: NC: negative con-
trol group, PC: positive control, PB: probiotic (Leuconostoc mesenter-
oides) group, PPB: prophybiotic (Leuconostoc mesenteroides + garlic
aqueous extract) group.
Statistical Analysis of Data

The production, meat quality, bacterial abundance
and histology data were analyzed using a linear mixed
model in R (version 4.3.1) using “lmer” function in
“lme4” package after removing the outliers (values
which are greater than Quartile
3 + 1.5 £ interquartile range and below Quartile
1 + 1.5 £ interquartile range). The treatment effect
was used as the fixed effect and the sex of the bird
was considered as a random effect to account for the
possible confounding variation due to sex. Wald chi
square test (for the significance of the fixed effect)
and Tukey’s HSD test (for mean comparison) were
performed to identify the significantly different means
(P- value < 0.05). In case the assumptions of normal-
ity of residuals (tested by Shapiro-Wilk test) and
equal variances (tested by Levene’s test) were not
met, the non-parametric analysis, Kruskal-Wallis test
followed by Dunn’s test was performed to identify the
significantly different means. Regarding the fecal bac-
teria, where significant differences among the in-ovo
treatment groups were observed, we conducted sepa-
rate Wilcoxon Rank-Sum tests for each treatment
group to assess the variations in relative abundance
between the early (d 7) and late (d 34) life stages. All
microbiological data from the fecal samples were uti-
lized to conduct a Between-Class Analysis (BCA)
employing the “bca” function within the “ade4” pack-
age. This analysis aimed to visualize the separation
between groups at both early (d 7) and late (d 34)
life stages. For the gene expression analysis, DCt val-
ues of each treatment group was compared against
that of the positive control group using 2 sample 2
test to identify significant differences in the treat-
ments (P- value < 0.05).
RESULTS AND DISCUSSION

In-ovo stimulation has shown promising potential in
improving the gut health of broiler chickens. We hypoth-
esized in-ovo stimulation using a novel approach, PPB
(probiotic + phytobiotics) may provide broiler chickens
with a lifelong competitive advantage against environ-
mental pathogens. The selected PPB, L. mesenteroides
(probiotic) in combination with garlic aqueous extract
(phytobiotic), displayed promising potential in improv-
ing the gut health of broiler chickens without
compromising the production and meat quality parame-
ters, when compared to using the probiotic alone. Thus,
it can be suggested that garlic aqueous extract imparts
an additive or synergistic effect when combined with a
compatible probiotic for in-ovo stimulation.
Hatch Properties

The highest hatchability was obtained from the nega-
tive control group (91.7%) and the PPB group (89.5%)
displayed the highest hatchability among the in-ovo
injected groups (positive control: 86.9% and probiotic:
85.5%). Differences in chick length and chick quality



Table 3. Body weight of chickens of in-ovo treatment groups.

Day

Body weights2 (g)

Treatment effect3,4NC1 PC1 PB1 PPB1

1 48.9 § 2.9b 48.0 § 3b 53.0 § 2.9a 52.4 § 3.9a ***
7 180.5 § 25.8b 177.3 § 23c 206.1 § 25.6a 190.2 § 30.7ab ***
14 480.2 § 71.5b 500.0 § 47.2ab 536.9 § 79.9a 521.2 § 62.1ab **
21 1014.4 § 143.1 1011.3 § 113.5 1042.8 § 141.6 1052.7 § 129.4 NS
28 1681.5 § 197.9 1663.8 § 191.5 1718.3 § 230.7 1711.9 § 200.6 NS
35 2437.5 § 254.9 2433.6 § 301.7 2502.3 § 255.7 2455.6 § 266.3 NS

a,b,abHomogenous means have been indicated by similar letters (in descending order).
1NC: negative control, PC: positive control, PB: probiotic group, PPB: prophybiotic group.
2Data are represented as mean § SD.
3Significant codes: P- values < 0.0001: ***, < 0.001: **, < 0.05: *, <0.1: T, >0.1: NS
4Significantly different data is in bold.

PROPHYBIOTICS FOR IN-OVO STIMULATION 7
(Pasgar score) were not statistically significant between
the groups (P- value > 0.05) whereas the chick weight
was significantly higher (P- value <0.05) in the PB and
PPB groups when compared to control groups
(Figure 1).

These results suggest that the in-ovo administration
of the selected PPB and probiotic was safe and also ben-
eficial for the embryonic development, enabling a suc-
cessful hatching of quality chicks. Previous literature
also indicated that injection of embryonic d 12 is safe
and less likely to decrease the hatchability (Siwek et al.,
2018) whereas other studies which injected synbiotics
displayed a higher (Dunislawska et al., 2017) and lower
(Asaadi et al., 2021) hatchability based on the bioactive
substances used.
Body Weight and Feed Efficiency

Previous studies have shown inconsistent effects as a
result of in-ovo administration of bioactive substances
on growth parameters, some of which showed no signifi-
cant benefits whereas others displayed significant bene-
fits (Siwek et al., 2018). This inconsistency may be
based on the differences between trials such as the bioac-
tive used and the date of injection. However, here, our
Figure 2. Feed conversion ratio (FCR) of the chickens of in-ovo treatme
ative control group, PC: positive control, PB: probiotic (Leuco
mesenteroides + garlic aqueous extract) group.
intention was not to improve the production of the
broiler chickens as broiler chickens are already inten-
sively selected for production and efficiency parameters.
Our aim was to improve gut health and immunity with-
out causing an energy burden thus compromising the
production parameters. Interestingly, our results indi-
cated a higher body weight in the chickens from both
the probiotic and PPB groups compared to control
groups from hatch to 2 wk of age (Table 3), demonstrat-
ing the beneficial effects of these treatments in the early
life of the broilers. However, no difference was observed
in the body weight among the groups from the 21st day
onwards. Additionally, the weekly FCR (Figure 2A)
and the overall FCR (for the entire production lifetime)
(Figure 2B) did not reveal clear evidence that any group
had a higher FCR when compared to the others. There-
fore, we suggest that our treatments do not compromise
the production or feed efficiency of fast growing broiler
chickens.
Slaughter and Meat Quality Analysis

The results of the slaughter analysis is summarized
on Table 4. There was a statistically significant
reduction in the cooling losses of the chickens treated
nt groups. (A) Weekly FCR. (B) Overall FCR. Abbreviations: NC: Neg-
nostoc mesenteroides) group, PPB: prophybiotic (Leuconostoc



Table 4. Slaughter analysis of the chickens of in-ovo treatment groups.

Parameter

Slaughter analysis2

Treatment effect3,4PC1 PB1 PPB1

Cooling losses (%) 1.79 § 0.21a 1.35 § 0.29b 1.547 § 0.09b ***
Dressing percentage with giblets (%) 79.81 § 1.14 79.51083 § 1.25 79.81917 § 1.24 NS
Dressing percentage without giblets (%) 76.83 § 1.19 76.49 § 1.25 76.70 § 1.3 NS
Breast muscle (%) 31.35 § 2.05a 29.39 § 1.53b 30.77 § 2.37ab *
Leg muscles (%) 19.19 § 1.47 19.39 § 1.27 18.89 § 2.07 NS
Giblets (%) 3.75 § 0.42 3.93 § 0.24 3.91 § 0.3 NS
Liver (%) 2.23 § 0.3 2.42 § 0.3 2.34 § 0.19 NS
Gizzard (%) 0.96 § 0.2 0.92 § 0.19 0.97 § 0.12 NS
Heart (%) 0.53 § 0.06 0.55 § 0.07 0.53 § 0.05 NS
Leg bones (%) 3.98 § 0.48b 4.44 § 0.49a 4.17 § 0.4ab T (P- value: 0.06)
Abdominal fat (%) 1.83 § 0.3 1.94 § 0.46 1.7 § 0.34 NS

a,b,abHomogenous means have been indicated by similar letters (in descending order).
1PC: positive control, PB: probiotic group, PPB: prophybiotic group.
2Data are represented as mean § SD.
3Significant codes: P- values < 0.0001: ***, < 0.001: **, < 0.05: *, <0.1: T, >0.1: NS
4Significantly different data is in bold.
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with both the probiotic and PPB. The breast muscle
percentage of the probiotic group was statistically
lower as compared to the positive control although
the PPB group displayed a similar percentage to the
positive control. Additionally, there was a statistical
tendency for higher leg bone percentage in the probi-
otic group as compared to the positive control. The
remaining components studied were not statistically
different between the groups.

Meat quality analysis indicated that most of the
parameters studied were not affected by the 2 in-ovo
treatments (PB and PPB) (P- value > 0.05 when com-
pared to the positive control). The parameters that dis-
played a statistically significant difference are
summarized in Table 5. Briefly, probiotic treatment
resulted in the breast meat being more chewy and
gummy whereas the PPB treatment resulted in more
springiness in the breast muscle. Both treatments
resulted a lower pH in the breast muscle after 15 min
postmortem, when compared to that of the positive con-
trol. However, the pH at 24 h remained similar (P- value
> 0.05) in all groups. Interestingly, the losses after thaw-
ing of both breast and leg muscles, were lowest in the
PPB group. Nevertheless, a higher drip loss after 24 h
Table 5. Significant changes in the meat quality of the chickens of in-

Parameter

Meat quality

PC1 PB1

Breast muscle quality
Chewiness 10.255 § 2.83b 12.642 § 3
Gumminess 29.316 § 6.96b 35.018 § 8
Springiness 0.348 § 0.03b 0.361§ 0
Thawing loss (%) 5.373 § 1.32a 4.271 § 1
pH15 min 6.597 § 0.14a 6.338 § 0
Leg muscle quality
Drip loss 24h (%) 0.57 § 0.12b 0.60 § 0
Thawing loss (%) 3.05 § 1a 3.60 § 1

a,b,abHomogenous means have been indicated by similar letters (in descendin
1PC: positive control, PB: probiotic group, PPB: prophybiotic group.
2Data are represented as mean § SD.
3Significant codes: P- values < 0.0001: ***, < 0.001: **, < 0.05: *, <0.1: T
cooling was observed in leg muscles of the PPB group as
compared to others.
Both slaughter and meat quality analysis further indi-

cated that our in-ovo treatments did not influence most
of the quality parameters apart from some beneficial
changes observed. Overall, it can be suggested that both
probiotic and PPB in-ovo treatments did not adversely
affect the production, efficiency, or meat quality param-
eters of the broilers in this study.
Relative Abundance of Bacteria in Feces

The relative abundance of Lactobacillus sp. did not
differ in the fecal samples among the groups at either
time point. However, a significant increase in Bifidobac-
terium sp. (P- value < 0.05) in the PPB group and Fae-
calibacterium sp. (P- value = 0.06791) in both the
probiotic and PPB groups was observed on d 7, when
compared to the positive control (Figure 3). Faecalibac-
terium sp. is known to modulate gut health by producing
anti-inflammatory metabolites (Lenoir et al., 2020) and
imparting anaerobisation in the gut environment (by
consuming the trace amounts of oxygen) creating an
unfavorable environment for pathogens such as E. coli
ovo treatment groups.

analysis2

Treatment effect3PPB1

.24a 11.191 § 1.35ab T (P- value: 0.07676)

.79a 29.925 § 3.11ab T (P- value: 0.07074)

.02ab 0.372 § 0.03a T (P- value: 0.0923)

.98ab 3.150 § 1.1b **

.13b 6.361 § 0.18b ***

.08b 0.65 § 0.05a T (P- value: 0.06)

.39a 2.29 § 0.64b *

g order).



Figure 3. The relative abundance of bacterial communities in the feces of chickens of different in-ovo treated groups. (A) D 7 − Bifidobacterium
sp. (B) D 7 − Faecalibacterium sp. (C) D 34 − E. coli. Error bars: § SE. Homogenous means have been indicated by similar letters (in descending
order). Abbreviations: PC: positive control, PB: probiotic (Leuconostoc mesenteroides) group, PPB: prophybiotic (Leuconostoc
mesenteroides + garlic aqueous extract) group.
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and Salmonella (Rychlik, 2020). In particular, F. praus-
nitzii produces butyrate, the main energy source for
colonocytes, by fermenting prebiotic fibers (Ferreira-
Halder et al., 2017). Similarly, bifidobacteria are associ-
ated with many beneficial effects in the gut such as pro-
duction of metabolites which are harmful to gram
negative pathogenic bacteria, fermentation of prebiotic
fibers and production of Vitamin B (Abd El-Hack et al.,
2020). Therefore, by increasing the abundance of both
bifidobacteria and faecalibacteria in the chicken gut (as
reflected by the fecal samples), the use of PPB combina-
tion displays promise for use in modulating the gut
microbiome of broiler chickens.

The probiotic species used, L. mesenteroides is known
to produce exopolysaccarides which display prebiotic
properties (Pan et al., 2020; Miyamoto et al., 2023)
whereas garlic was previously reported as a rich source
of fructans (70%−80% of dry weight) which also have
proven prebiotic potential (Lu et al., 2021). In the
human gut, studies have shown an increased abundance
of bacteria belonging to the Faecalibacterium (Panyod
et al., 2022) and Bifidobacterium (Ettehad-Marvasti et
al., 2022) genera in the presence of fructans. Therefore,
it is possible that garlic aqueous extract has an additive
or synergistic role in influencing changes in the micro-
biome when used in combination with L. mesenteroides.

However, towards the end of the production (d 34) the
relative abundance of these beneficial bacteria in the
feces was similar among all groups (P- value > 0.05).
Interestingly, the relative abundance of the bifidobacte-
ria was statistically similar between the d 7 and d 34 in
the positive control and probiotic groups (P- value >
0.05) whereas PPB group displayed a reduced number
of bifidobacteria from d 7 to d 34 (P- value < 0.05).
Therefore, the reason for observing a significantly higher
relative abundance of bifidobacteria in the PPB group
at the beginning of life but not towards the end, is likely
due to the reduction of bifidobacteria abundance in feces
from d 7 to d 34. Faecalibacteria, however, displayed a
higher relative abundance at d 7 but no significant dif-
ference at d 34 in both probiotic and PPB groups when
compared to the positive control. In spite of this, the rel-
ative abundance of faecalibacteria at d 7 and d 34
remained statistically similar in all in-ovo treatments.
This contrast in the results may be due statistics (a large
variation observed within the treatment groups) or a
change in the total gut microbiome, striving for homeo-
stasis despite the effects of the in-ovo treatments.
Conversely, the relative abundance of E. coli did not

differ significantly among the groups in the feces at d 7,
although it was significantly reduced in feces at d 34 in
the PPB group when compared to the positive control
and probiotic groups. Moreover, the Wilcoxon Rank-
Sum test revealed that the relative abundance of E. coli
in the PPB group was significantly reduced from d 7 to
d 34, providing a possible explanation for the observed
between-group significance at d 34. This suggests that
although the changes in the beneficial bacteria in feces
did not last until the end of the production lifespan, the
positive effects created by in-ovo treatment of PPB pro-
vided a lifelong competitive advantage against poten-
tially harmful E. coli.
The BCA of overall bacterial abundance further dis-

played a distinct separation in the birds belonging to the
treatment groups (PB and PPB) from the positive con-
trol group at the beginning of the life (d 7) whereas
towards the end of the production life span (d 34), the
treatment groups displayed more overlap with the posi-
tive control (Figure 4). Previously, Li et al. (2022)
reported that the gut microbiome of broiler chickens
changes with age respective to different developmental
changes. Therefore, it can be suggested that the matura-
tion of the gut microbiome with age and other develop-
mental factors created a more uniform gut microbiome
structure in these chickens later in their lives irrespective
of the in-ovo treatment.



Figure 4. The between-class analysis plot for microbiological data in feces (A) D 7 (B) D 34. Abbreviations: PC: positive control, PB: probiotic
(Leuconostoc mesenteroides) group, PPB: prophybiotic (Leuconostoc mesenteroides + garlic aqueous extract) group.
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Relative Abundance of Bacteria in the Ceca

There was no significant difference in the relative
abundance of Lactobacillus sp., Bifidobacterium sp. and
Prevotella sp. in the cecal content of the birds across the
groups. However, a significant reduction (P- value <
0.05) of Escherichia coli in the luminal content of ceca of
PPB group when compared to the positive control and
probiotic groups (which displayed statistically similar
means) was observed (Figure 5). This result further sup-
ports our theory that in-ovo treatment with PPB pro-
vides the broilers with competitive advantage against
potentially harmful E. coli in the gut. In addition, the
relative abundance of Akkermansia sp. was increased
(P- value < 0.05) in both probiotic and PPB groups
when compared to the PC group (Figure 5). Akkerman-
sia sp. particularly, A. muciniphila is known to impart
beneficial effects in maintaining the gut health by
degrading mucin to produce short chain fatty acids
(SCFA) providing nutrients to epithelial cells and other
gut microbiota, increasing goblet cell counts, up-regulat-
ing mucus layer turnover, promoting gut barrier
Figure 5. The relative abundance of bacterial communities in the lumin
calibacterium sp. (B) Akkermansia sp. (C) Escherichia coli. Error bars:§ SE
ing order). Abbreviations: PC: positive control, PB: probiotic (Leu
mesenteroides + garlic aqueous extract) group.
function via tight junction protein expression (Yang et
al., 2022) and production of antimicrobial peptides in
the gut (Paone and Cani, 2020). Therefore, an increased
abundance of Akkermansia sp. highlights that our PPB
and probiotic in-ovo treatments support barrier function
in the ceca of broiler chickens. Conversely, the abun-
dance of faecalibacteria reduced in the luminal content
of the ceca of the PPB group when compared to the pro-
biotic and control groups (P- value < 0.05) (Figure 5).
As F. prausnitzii and A. muciniphila possess similar
functions in modulating gut health (anti-inflammation,
SCFA production, enhance gut barrier function etc.), it
is unclear if this reduction was a consequence of
increased Akkermansia sp., balancing the microbiome in
the ceca or a functionally important change.
Expression of Immune Related Genes in
Cecal Mucosa

Interestingly, there was no significant difference
between the in-ovo treatments in terms of expression of
al content of ceca of chickens of different in-ovo treated groups. (A) Fae-
. Homogenous means have been indicated by similar letters (in descend-
conostoc mesenteroides) group, PPB: prophybiotic (Leuconostoc



Figure 6. Immune-related gene expression in the cecal mucosa of chickens of different in-ovo treated groups. (A) AVBD1 (B) FFAR2 (C)
MUC6. Error bars: § SE. Red color asterick (*) indicates significant changes (P- value < 0.05) The letter T in green indicates there is a tendency (P-
value = 0.0637). Abbreviations: PB: probiotic (Leuconostoc mesenteroides) group, PPB: prophybiotic (Leuconostoc mesenteroides + garlic aqueous
extract) group.
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the genes coding for the anti- and pro-inflammatory
cyto/chemokines (IL1-b, IL2, IL4, IL6. IL8 and IL10),
the tight junction protein; CLDN or the host defense
protein; CATHL2 studied in the mucosa of the ceca.
This suggests that there was no inflammation as a result
of the treatment, thus no dysbiosis or any other stress
(Fathima et al., 2022) in cecal mucosa.
Figure 7. The analysis of histomorphological parameters of the cecal tis
(C) Villus Surface Area. (D) Crypt depth. (E) Villus Height to Crypt Dept
similar letters (in descending order). Abbreviations: PC: positive control,
(Leuconostoc mesenteroides + garlic aqueous extract) group.
However, the PPB group resulted in an up-regulation
in the expression of AVBD1 and FFAR2 in the cecal
mucosa when compared to the positive control group
(P- value < 0.05) (Figure 6). The AVBD1 gene is respon-
sible for production of avian b defensing 1 which is a host
defense peptide belonging to the innate immune
response (Lyu et al., 2020). Defensins display a broad
sue of the in-ovo treated chickens. (A) Villus Height. (B) Villus Width.
h Ratio. Error bars: § SE. Homogenous means have been indicated by
PB: probiotic (Leuconostoc mesenteroides) group, PPB: prophybiotic



Figure 8. Histomorphological analysis of cecal tissue of in-ovo treated birds with Periodic acid−Schiff (PAS) staining (Magnification 100£). (A)
Positive control (PC). (B) Probiotic (Leuconostoc mesenteroides) group (PB). (C) Prophybiotic (Leuconostoc mesenteroides + 0.5% (w/v) garlic
aqueous extract) group (PPB). (D) Arrangement of crypts in multiple layers in the PB group. (E) Arrangement of crypts in multiple layers in PPB
group. Arrowheads pointing the crypts. (F) Measurements of villus height (x), villus width (y), and crypt depth (z).
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spectrum of antipathogenic properties and fight infec-
tion (Zhang and Sunkara, 2014). Although the produc-
tion of defensins is mostly up-regulated during infection,
it has also known that SCFA such as acetate and buty-
rate stimulates the production of defensins in epithelial
cells without inducing inflammation (Zhang and Sun-
kara, 2014; Chen et al., 2020). As we observed no sign of
inflammation (differential expression of interleukins)
and higher AVBD1 expression along with the higher
abundance of Akkermansia sp. (which produce SCFAs)
in the PPB group, it is possible that this higher expres-
sion of AVBD1 is induced by higher production of
SCFAs via modulating the gut microbiome rather than
an indication of infection.

Moreover, Schlatterer et al. (2021) reported that
SCFAs recruit immune cells particularly leucocytes to
regulate immune responses in the gut epithelium and
the key receptor which is found in these immune cells
(through which immune response is mediated) is free
fatty acid receptor 2 (FFAR2). As our PPB treatment
induced the expression of FFAR2, there may be a
greater recruitment of immune cells, particularly leuco-
cytes in the cecal mucosa possibly via higher SCFA pro-
duction as a result of microbiome modulation
(increased Akkermansia sp. abundance). This is further
indicated by the observed higher AVBD expression as
leucocytes are one of the major producers of b defensins
(Flaherty, 2012). Schlatterer et al. (2021) claimed that
targeted administration of SCFAs thereby activating
free fatty acids receptors could be a novel approach in
combatting infection. Therefore, we suggest that our
PPB in-ovo treatment could be a novel and promising
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approach to mitigate pathogenic stress in broiler chick-
ens.

Interestingly, the expression of MUC6 was also higher in
both PPB (P- value< 0.05) and probiotic (P- value: 0.0637)
treatments. This gene encodes one of the secretory mucins,
mucin 6, a component of the mucus layer which influences
gut barrier function (Forder et al., 2012) indicating that our
treatments influencedmucin production in the cecal mucosa
of broiler chickens thereby providing a protective barrier
against pathogen colonization.
Histology of Cecal Tissue

The effects of the in-ovo treatments on the histolo-
morphological parameters are shown on Figure 7. There
was no statistical difference in villi height among the
groups (P- value > 0.05) whereas crypt depth was signif-
icantly increased (P- value < 0.05) thus, decreasing the
villi height to crypt depth (VH:CD) ratio (P- value <
0.05), in treatment groups when compared to the posi-
tive control. Moreover, the crypts of the probiotic and
PPB treatment groups were arranged in multiple layers
(Figures 8D and 8E, respectively) providing more crypts
in the cecal tissue of these birds.

Crypts are generally, considered as villus factories and
their depth/size reflect the rate of cell renewal in the
mucosa (Sobolewska et al., 2017). Therefore, a higher
crypt depth (PPB > PB) and a large number of crypts
arranged in multilayers may indicate a higher tissue
renewal or stem cell proliferation and differentiation in
the treatment groups. In agreement, we observed a
greater abundance of Akkermansia sp. (PPB > PB) in
the cecal content which is known to activate the Wnt/
b-catenin signaling pathway stimulating the proliferation
of intestinal stem cells (Zhu et al., 2020). This indicates
that the PPB treatment followed by probiotic treatment
stimulated the efficient development of the mucosal tissue
in the ceca to possibly maintain a higher mucin produc-
tion rate thereby providing protection against pathogen
invasion and substrates for SCFA production. Supporting
this theory further, more intense PAS staining reaction
was apparent in the ceca of chickens belong to treatment
groups when compared to the positive control (Figures
8A−8C) suggesting a possible higher glycoprotein produc-
tion in the cecal mucosa of these chickens.

However, the villus width tended to be decreased in
the 2 treatment groups when compared to the positive
control (P- value: 0.0501). Consequently, the surface
area of the villi was the highest in the positive control
group whereas the PPB group displayed the least sur-
face area (P- value: 0.0106). Although, a reduction in
the surface area of the gut is generally a sign of reduction
in absorption and thus metabolic efficiency, we did not
observe any compromising of the production parameters
such as body weight, feed efficiency and meat quality.
Therefore, we suggest, that it may be an adaptation of
the ceca to reduce the surface area to maintain a higher
renewal rate and mucin production without causing an
energy burden to the birds.
CONCLUSION

The current study highlights the positive effects of
administering a PPB combination in-ovo, on gut health
and production parameters in broiler chickens. More
beneficial effects were observed in the PPB treated birds
when compared with the probiotic alone group. The
PPB treatment beneficially modulated the gut micro-
biome, upregulated the expression of the genes related
certain innate immune parameters and modified the his-
tology of the ceca. Together with production data, our
results suggest that the PPB treatment maintains the
immune system on standby providing prophylaxis to the
host without causing inflammation or an energy burden
for production and efficiency. Combining probiotics
along with phytobiotics (PPB) is a promising in-ovo
application which may confer lifelong benefits to the gut
health of broiler chickens. Our results encourage further
research to elucidate the synergistic potential of differ-
ent PPB combinations in order to overcome challenges
in the gut health of broiler chickens with the aim of
reducing the use of antibiotics in poultry production
going forward.
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