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1. Introduction

Gut health is a topic that has gained increasing interest over the past decade. Despite
this, there is no consensus definition of a healthy gut, to date. Staudacher and Loughman (2021)
recently compiled a description for a healthy gut from literature as “the absence of
gastrointestinal symptoms and disease, as well as an absence of other unfavorable local
conditions including increased intestinal permeability, mucosal inflammation, or deficiency (or
even excess) of short-chain fatty acids”. However, the health of the gut is known to be linked
to the physiology and health of other important organs such as liver (Pabst et al., 2023), brain
(Appleton, 2018), gonads (Ashonibare et al., 2024), lungs (Enaud et al., 2020), skin (De
Pessemier et al., 2021) and eyes (Campagnoli et al., 2023). Therefore, gut health is not merely
an absence of gastrointestinal issues but a complex physiological status with utmost importance
for an organism.

With the increasing world population and changes in food habits, a 15% increment in
global poultry meat consumption has been foreseen by 2032 where poultry meat consumption
is expected to account for 41% of the total meat consumption worldwide (OECD, 2023).
Therefore, an expansion in broiler production is expected going forward. On the other hand,
rising global concerns such as food security, food safety and antibiotic resistance, urge the
broiler industry to produce safe and healthy meat for human consumption in a sustainable way
(Wickramasuriya et al., 2022). In this context, ensuring optimal gut health in broilers is
imperative as the production and welfare of birds and food safety of the broiler meat products
are greatly influenced by their gut health (Oviedo-Rondon, 2019).

However, broilers have some unique challenges associated with gut health when
compared to mammalian livestock species. Broiler chicks hatch in a relatively sterile external
environment as the eggs, incubators and hatchers are sterilized before the incubation in
commercial hatcheries. In addition, they lack maternal contact at birth unlike mammals (Kogut,
2019; Dunislawska et al., 2021). Moreover, due to longer hatching windows, they experience
delays in access to feed and water which are the first sources of exogenous inoculum to build
up the gut microbiome (Proszkowiec-Weglarz et al., 2022). For these reasons, the colonization
of the gut with beneficial commensal bacteria is delayed in newly hatched chicks which
adversely affects the development and maturation of the intestinal tract and immune system

(Shehata et al., 2021). These factors ultimately predispose the chickens to colonization by
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environmental foodborne pathogens such as Campylobacter and Salmonella. According to the
latest reports, these are the two most prominent zoonotic pathogens reported within the
European Union and broiler meat has been identified as one of the major sources of human
cases of these zoonotic infections (Authority and European Centre for Disease Prevention and
Control, 2022). Therefore, maintaining a healthy gut microbiome is imperative in broiler
production to control foodborne gastrointestinal pathogens and maintain efficient energy
utilization for efficient production.

As a core responsibility of the antibiotic stewardship, many scientists have investigated
a variety of strategies to maintain optimal gut health in broiler chickens and mitigate the above
mentioned challenges. These methods involve, feed quality control, inclusion of enzymes in
feed, providing feed or water supplemented with prebiotic, probiotic, synbiotic, phytobiotic,
organic acids or essential oils (as reviewed by Zhu et al., 2021). Apart from these in-vivo
strategies, research has also been conducted to elucidate the potential of in-ovo intervention
strategies on the post hatch gut health and production performance. Interestingly, Kogut (2019)
claims that in-ovo delivery of bioactive substances may be more efficient than the other in-vivo
methods (in feed/water, microbiome transplants etc.), as there should be less influence from
confounding environmental factors which might reduce the efficacy of bioactive delivery.

In-ovo delivery of bioactive substances are mainly divided in to two methods based on
the day of injection (Kpodo and Proszkowiec-Weglarz, 2023a). Administration of bioactive
substances on 12" day of incubation is referred to as in-ovo stimulation whereas on 171 -18%"
days administration is referred to as in-ovo feeding. The basis of in-ovo stimulation is to inject
bioactive substances into the air cell allowing the passage of these substances to the embryos
via the chorioallantoic membrane which is highly vascularized at the time (Siwek et al., 2018).
There are accumulating evidence that the hatching eggs contain indigenous microbiome
(Kizerwetter-Swida and Binek, 2008; Gantois et al., 2009; Siwek et al., 2018) and the main
purpose of in-ovo stimulation is to stimulate the growth of indigenous commensal bacteria in
the gut of the developing embryos. Consequently, a boost in the innate immune system and
gastrointestinal tract development can be achieved, despite the regular stressors encountered in
commercial hatchery operations such as long hatch windows and delays in access to feed and
water (Siwek et al., 2018). In contrast, in-ovo feeding mostly involves a nutritional aspect where
the delivery of nutrients (eg: carbohydrates, vitamins, amino acids or trace elements) into the

amniotic fluid is performed with the intention of mitigating perinatal nutritional deficiencies
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and aiding the nutritional transition from the yolk to post hatch feeding (Oladokun and
Adewole, 2020a). However, this approach might also have a direct or indirect impact on the gut
health.

The perinatal period (21 days of incubation) of commercial fast growing broilers (of
slaughter age 42 days) is approximately one third of the total life span and is crucial for the
development of gastrointestinal tract, immune system and microbiome of broilers (Siwek et al.,
2018). Moreover, recent evidence demonstrates that the indigenous microbiome of chicken
eggs, particularly in the yolk sac and amniotic fluid, changes during the course of embryonic
development displaying functional associations to early, mid and late stages of embryonic
development (Akinyemi et al., 2020). This suggests a role of native in-ovo bacteria in the
embryonic development of the broiler chickens. Stimulating the growth of these native
beneficial bacteria during embryonic development stage (in-ovo stimulation) therefore, can be
considered as an excellent strategy to improve gut health in broiler chickens. Moreover
Dunislawska et al. (2021) concluded that in-ovo stimulation resulted in epigenetic regulation of
gene expression in immune related organs such as the liver and spleen of broiler chickens
indicating possible lifelong benefits of microbiome modulation as a result of in-ovo stimulation.
Furthermore, the size of the embryo when in-ovo stimulation is performed is smaller when
compared to that when in-ovo feeding is performed. Therefore, in-ovo stimulation has less
impact on hatchability and chick quality when compared to in-ovo feeding as the risk of the
injection needle causing damage to the developing embryos is less during in-ovo stimulation
due to the smaller size of the embryo at the time of injection (Siwek et al., 2018).

To date, a multitude of bioactive substances have been studied with respect to in-ovo
stimulation on day 12 of embryonic development. These mainly include, prebiotics, probiotics
and synbiotics and each has demonstrated bioactive specific effects in number of different
studies (Oladokun and Adewole, 2020). Kpodo and Proszkowiec-Weglarz (2023) recently
concluded that in-ovo stimulation with different bioactive substances confers beneficial effects
on digestion, metabolism, muscle development, production efficiency, immune related gene
expression, heat stress response and mitigation of pathogenic infections. Furthermore, Akosile
et al., (2023) also reviewed the beneficial effects of in-ovo delivery of plant based bioactive
substances (phytobiotics) on hatchability, chick quality, antioxidant activity and gut
development via mechanisms such as modulating gut microbiome and gene expression of the

host.
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Therefore, this PhD project was conducted to optimize an effective in-ovo stimulation
protocol to improve the gut health of broiler chickens. In this project, in-vitro screening of a
variety of prebiotics, probiotics and plant extracts was performed to select the most promising
bioactive substances to be used in this protocol. Finally, an investigation of in-vivo effects on
the gut health and production parameters was performed to validate the efficacy of the protocol

as a tool to improve the gut health of broiler chickens.
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3. Justification of the thematic coherence of the doctoral dissertation

publication cycle

3.1 List of abbreviations, symbols and units

ACTB - Actin, beta

AVBD1 - Avian beta-defensin 1
CATHL2 - Cathelicidin 2

CFU - Colony forming units
CLDN1 - Claudin 1

CUR - Turmeric

FCR - Feed conversion ratio

FFAR2 - Free fatty acid receptor 2

G - Garlic

G6PDH - Glucose-6-Phosphate Dehyfrogenase
GT - Green tea

IL10 - Interleukin 10

IL1-p - Interleukin 1 beta

IL2 - Interleukin 2

IL6 - Interleukin 6

IL8 - Interleukin 8

INU - Inulin

LAB - Lactic acid bacteria

LC - Lacticaseibacillus casei

LM - Leuconostoc mesenteroides
LP - Lactiplantibacillus plantarum
LR - Limosilactobacillus reuteri
LRh - Lacticaseibacillus rhamnosus
MJ/Kg - Mega Jules per Kilo gram
MUC6 - Mucin 6

NC - Negative control

10
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OD600 - Optical density at 600nm
PAS - Periodic acid-Schiff

PB - Probiotic

PBS - Phosphate buffered saline
PC - Positive control

PP - Pediococcus pentosaceus
PPB - Prophybiotic

RAF - Rafinose

rpm - revolutions per minute
SAC - Saccharicterpenin

SCFA - Short chain fatty acids
SD - Standard deviation

SE - Standard error

wiv - weight/volume

WDA - Well diffusion assay

3.2 Hypothesis, objectives and scope of research

Hypothesis:

In-ovo stimulation of broiler chickens with carefully selected bioactives, will reprogram the gut
microbiome and boost the immune system to activate direct and indirect pathogen exclusion
pathways in the gut. These beneficial effects will last until the end of the production period
even without continuous supplementation of special feed additives throughout the rearing

period (Figure 1).

Figure 1: Graphical illustration of the research
hypothesis

11
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Main objective:
To develop a perinatal protocol for gut microbiome programming with proven anti-pathogenic
effects, to improve the gut health of broiler chickens.
Sub objectives:
1. To identify the most efficacious bioactives in terms of anti-pathogenic properties
(anti-Campylobacter and anti-Salmonella)
2. To identify the optimal dose of the selected bioactives to be administered into the
chicken embryo.
3. To test the efficacy of in-ovo injection of the bioactives, in terms of gut health and

production

Scope of research:

Although there are many advantages associated with the in-ovo stimulation method, the
potential benefits of the treatment depend largely on the bioactive substances and the doses
used in the protocol. Therefore, careful optimization of an in-ovo stimulation protocol is
imperative to bring about the desired benefits while avoiding potential harmful effects. This
PhD project was therefore, conducted to develop and validate an in-ovo stimulation protocol to

improve the gut health of broiler chickens.

After performing a thorough literature search, six lactic acid bacteria all of which were
probiotic strains, three prebiotics and three antimicrobial phytobiotics were pre-screened for
the in-ovo protocol. The combined use of probiotics and prebiotics (as a synbiotic) has been
investigated extensively in the in-ovo approach and can be divided into two types,
complementary and synergistic synbiotics. Complementary synbiotics act individually on the
host and do not necessarily need to be compatible whereas, synergistic synbiotics are required
to be compatible in order to enhance the growth of the probiotic conferring better results for
the host (Wishna-Kadawarage et al., 2024b). Therefore, it is important to investigate the
compatibility of the selected prebiotics and probiotics to be used in an in-ovo protocol.
Conversely, certain phytobiotics possess anti-pathogenic as well as prebiotic properties, making
those interesting candidates to use in combination with a probiotic in an in-ovo approach.
However, to the best of my knowledge, such a combination has not been studied to date.

Therefore, I coined the term “prophybiotics” (Probiotic + Phytobiotic) to describe this unique

12
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combination. Indeed, the compatibility of the probiotic and the phytobiotic is crucial for such a

combined use.

The first experiment of this PhD project was therefore, designed and performed to
identify compatible bioactive pairs (either synbiotic or prophybiotic) to be used for this
application. There were two specific objectives of the experiment, to identify the preference of
each probiotic in using a particular prebiotic as the sole energy source and to identify the
phytobiotics and their doses at which the growth of each probiotic is not inhibited. Accordingly,
the first publication of the PhD thesis (Wishna-Kadawarage et al., 2024b) reported the results
of this experiment where in-vitro growth curve analysis of each of the six pre-screened probiotic
strains was performed in the presence of each prebiotic (as the sole energy source) and
phytobiotic (in different doses). The maximum growth, maximum growth rate and lag time
were used to determine the effect of each supplementation on probiotic growth. This publication
highlighted that the prebiotics are selective in stimulating the growth of a particular probiotic
strain while antimicrobial phytobiotics seemed to be non-inhibitory to a wide range of
probiotics at certain doses. Based on this outcome and the inherent bioactivity of the
phytobiotics over the prebiotics, it was decided to proceed with prophybiotic combinations for

the in-ovo stimulation protocol.

The second experiment was then, conducted to identify the probiotic with the most
potent anti-pathogenic effects for use in the in-ovo stimulation protocol. The second publication
of the PhD thesis (Wishna-Kadawarage et al., 2024a) reports the results of this experiment
where, a variety of anti-microbial assays (spot overlay, well diffusion, co-culture and co-
aggregation assays) against three strains of Salmonella enterica and well diffusion assays
against a Campylobacter jejuni strain (the most common foodborne pathogens transmitting to

humans from broilers) were performed.

Based on the two in-vitro experiments described above, the probiotic strain and the
phytobiotic component and its dose were determined for the in-ovo protocol. The dose of the
probiotic was obtained based on a literature search (Duan et al., 2021; Huang et al., 2024). The
third experiment was then, conducted to validate the in-vivo effects of the selected bioactive
substances (in the selected doses) when administered in-ovo (on day 12 of embryonic
development) on the gut health and production parameters of ROSS308 broiler chickens

(Wishna-Kadawarage et al., 2024c). The relative abundance of selected bacterial communities

13
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in the feces of early life (1 week old) and late life (5 weeks old) chickens and the content of the
ceca, was determined via a qPCR method. Moreover, histomorphological changes (using the
PAS staining method) in the ceca and the expression of immune related genes in the cecal
mucosa (via qPCR), were determined to investigate the health status of the gut. Stimulating the
immune system can be a double edged sword. It can be beneficial in terms of mitigating
pathogenic infections whereas, excessive stimulation may divert energy from production to
maintaining the immune system. In this regard, the production parameters such as body weight,
feed conversion ratio, carcass and meat quality characteristics were also determined to identify
possible immune-metabolism trade-offs associated with the application.

Therefore, the research work conducted and reported by the three publications listed in
this PhD thesis are well aligned and coherent with the main goal and the sub objectives of the
PhD project (Figure 2). The first two publications report the results of the optimization of the
in-ovo stimulation protocol. The data from these 2 publications support the conclusions of the
first two sub-objectives of the PhD project (Determination of the most potent bioactive and
optimal dose). The third publication reports the results of validation of the optimized in-ovo
protocol. The data from this publication support the conclusions of the third sub-objective of
the PhD project (to determine the efficacy in terms of gut health and production).

To develop a perinatal protocol for gut microbiome programming with proven anti-
pathogenic effects, to improve the gut health of broiler chickens.

Optimization of the protocol Validation of the protocol
Publication 1 Publication 2 Publication 3
+Sub-objective 1 *Sub-objective 1 *Sub-objective 3
(Selection of (Selection of best (Validation of in-
compatible anti- ani-pathogenic vivo effects of in-
pathogenic probiotic) vivo
phytobiotics) administration of
e olectie . Bioactives on g
(Selection of optimal health and

dose of phytobiotics) .
\_ ) S production) )

Figure 2: Thematic coherence of the publication series of the PhD thesis

14
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The following probiotics strains (Table 1) were obtained for the experiments of this PhD

project from JHJ Sp Z.o.0, Nowa Wies, Poland. These strains were lactic acid producing

bacteria (LAB) identified using 16s rRNA sequencing and deposited at the Polish collection of

Microorganisms in Wroctaw.

Table 1: Probiotic strains used for screening

Species Strain identification Origin Abbreviation
No.

Lactiplantibacillus plantarum B/00166 LP
Lacticaseibacillus casei B/00164 LC
Limosilactobacillus reuteri B/00281 Swine LR
Lacticaseibacillus rhamnosus B/00279 LRh
Leuconostoc mesenteroides B/00288 LM
Pediococcus pentosaceus B/00165 Chicken PP

Prebiotics:

Three commercial prebiotics were used for the screening namely,

e Raffinose (RAF), VWR J392

e Inulin Orafti® HPX (INU) Mannheim, Germany
e Saccharicterpenin (SAC), Hubei, China

Phytobiotics:

Three antimicrobial plant extracts were used for screening as follows (Table 2).

15:81107100
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Table 2: Plant extracts used for screening

Plant Abbreviation Protocol of preparation Source of
extract the product
Turmeric CUR The spray-dried product of alcoholic extract of

turmeric rhizomes was re-suspended in sterile
distilled water in required percentages and the
solution was then filter sterilized using 0.2 um Kaesler
syringe filters (Merck WHA69012502). Gmbh,

Greentea GT The spray-dried product of aqueous extract of green Cuxhaven,

tea was re-suspended in sterile distilled water in Germany.
required percentages and the solution was then filter

sterilized using 0.2 pm syringe filters (Merck
WHA69012502).

Garlic G The garlic (cultivar: Thermodrome) was organically Aarhus
grown in the 2021 season in Aarhus University, University,
Department of Food Science at Research Centre at Aarhus,
Arslev, Funen, Denmark. The fresh garlic bulbs Denmark
were chopped (in to 3-5 mm slices), air-dried (2
days at 40°C and 5 days at 50°C) and then, milled
into powder which was subsequently sieved with a 1
mm sieve. This powder was stored at —20 °C until
usage. The required amount of garlic powder was
mixed and allowed to react with sterile distilled
water at room temperature to activate the alliinase
enzyme reaction to produce allicin from alliin
(vortex for 20 s, shaking for 8 min at 550 rpm and
stationary for 2 minutes). The supernatant after
centrifuging at 10,000 rpm for 5 min was then filter
sterilized using 0.2 um syringe filters (Merck
WHA69012502).

16
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In-vitro selection of compatible bioactives (Synbiotics and Prophybiotics) (Experiment 1)
Pre-handling of the probiotic strains:

The stock cultures of all strains were stored at —80°C until use. Isolated single colonies
of each culture were obtained by streaking a loop full (approximately 10 uL) of thawed stock
cultures on MRS agar (Merck 1.10660, Germany) plates and incubating at 37°C for 48 h. A
single colony was used to inoculate a 10 mL of MRS broth (Merck 1.10661, Germany) and this
was incubated for 24 h at 37°C. To regain the viability of the bacterial cells after long-term
storage at —80°C, two subsequent sub-culturing steps were performed by transferring 100 pL
of overnight cultures to 10 mL of new MRS broth. The second subculture was incubated for 20
h and 1 mL from that culture was then, centrifuged at 13,000 rpm for 20 min to obtain the
bacterial pellet. This pellet was re-suspended in 1 mL of Ringer’s solution (Merck 1.15525,

Germany) to prepare the inoculum for the experiment.

Preparation of media for prebiotic assays:

In order to determine which prebiotic was the preferred sole carbohydrate source for the
probiotic strains, a carbohydrate-free MRS (cfMRS) broth was prepared from first principles
according to the formula listed on Table 3. The selected prebiotics, RAF, SAC, and INU were
dissolved in the cfMRS medium separately, at a concentration of 18 g/L. The same amount of
D+ glucose (Merck G8270) was dissolved in cfMRS media and acted as the control for the
prebiotic assays. Each supplemented medium was then filter sterilized using 0.2 um syringe
filters (Merck WHA69012502).

Table 3: Formula for carbohydrate free MRS (cfMRS) media preparation

Ingredient Amount per liter
Oxoid peptone 10g

Yeast extract 50

Tween 80 1mL

KoHPO4 29

Sodium acetate 59
Triammonium citrate 24
MgS04.7H20 029
MnS04.4H20 0.05¢g

17
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Experimental design:

Growth kinetic assays for the six probiotic strains after supplementation of each with
the prebiotics (in cfMRS media) and plant extracts (in MRS media) were performed as
described on Table 4. Growth kinetics for each treatment were performed in triplicate with a
negative control (supplemented media without bacterial inoculation) in 96-well plates (TPP B-
0683). Plates were incubated at 37°C for 30 h under aerobic conditions and the absorbance of
each at an optical density 600 nm (OD600) was measured at hourly intervals using a Hidex
Sense microplate reader. Before each OD600 reading, plates were shaken orbitally at 300 rpm
speed for 10 s.

Table 4: Experimental design of the Experiment 1

Treatment Annotation Concentration (w/v)
Raffinose RAF
Prebiotics ~ Saccharicter-penin SAC 1.8%
Inulin INU
Turmeric CUR1 0.06%
CUR2 0.1%
CUR3 0.6%
Green tea GT1 0.06%
Plant
GT2 0.1%
extracts
GT3 0.6%
Garlic Gl 0.25%
G2 0.5%
G3 1%

Data illustration and statistical analysis:

The average absorbance from triplicate wells, was used to graph the growth curves using
GraphPad Prism 9.5.0. The triplicate data of each treatment was applied to the Gompertz model
using “nls” function in R software (4.3.1 version) to obtain maximum OD/growth, maximum
growth rate, and lag time. The growth parameters of each treatment group were compared using
one-way ANOVA test followed by Tukey’s honest significant difference (HSD) test in R

software (4.3.1 version) to identify significant differences at P- value <0.05.
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In-vitro selection of the most potent anti-pathogenic (anti-Salmonella and anti-
Campylobacter) probiotic strain (Experiment 2)
Pathogenic strains:

The pathogenic strains (Table 5) were used in the anti-pathogenic assays of this experiment.

Table 5: Pathogenic strains used in the anti-pathogenic assays

Pathogenic strain Origin

Salmonella enterica subsp. Enterica serovar Typhimurium (DPC6463)

Salmonella enterica subsp. Enterica serovar Typhimurium (ATCC 14028) hick
Chicken

Salmonella enterica subsp. Enterica serovar Braenderup (NRL-IE-22)

Campylobacter jejuni DVI-SC181

Anti-Salmonella - Spot overlay assays:

Probiotic strains were cultured in MRS broth (BD Difco 288130, Fisher Scientific,
Ireland) as described in the “pre-handling of the probiotics strains” section. MRS agar (1.5%)
plates were spotted with 5 mL of each probiotic culture, labelled and allowed to air dry. These
plates were then, incubated at 37°C overnight. Simultaneously, the cultures of the three
Salmonella enterica strains were cultured. Briefly, a loop full from the stocks was streaked on
Brain Heart Infusion (BHI) (1.10493 Merck) agar plates and these plates were then, incubated
aerobically at 37°C for 24 h. Single colonies were then, inoculated into 10 mL of BHI broth
and incubated for 16 h at 37°C under aerobic conditions. Once the overnight probiotic spots
were ready, 30 mL of BHI molten and then, cooled (at 50°C) agar (0.75%) was inoculated with
15 pL of the Salmonella cultures prepared as above. The molten agar inoculated with the
separate Salmonella strains was then, gently mixed and was used to overlay the plates
containing the overnight probiotic spots. These plates were further, incubated at 37°C
overnight. Four measurements of the radius of the zone of inhibition around the probiotic spots
were measured perpendicularly (in mm) and averaged. The spot overlay assay was performed

in triplicate.
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Anti-Salmonella - Well diffusion assays (WDASs):

The three probiotic strains which displayed the highest inhibition of all three Salmonella
strains were used in the WDAs. Briefly, the overnight cultures of the selected strains were
prepared as described in the “pre-handling of the probiotic strains” section. These cultures were
then, centrifuged at 4,000 g for 15 min at 4°C. The supernatant was carefully obtained and filter
sterilized using 0.2 um syringe filters. Simultaneously, Salmonella Typhimurium (DPC6463)
culture was prepared as described in “anti-Salmonella - spot overlay assays” section and 25 pL
of this culture was then, inoculated in 50 mL of BHI molten and cooled (at 50°C) agar (1%).
The inoculated molten agar was gently mixed and poured into a sterile petri dish and allowed
to set for 20 min. Through the use of sterile pipette tips (1000 uL), wells of approximately 7
mm in diameter were created in the inoculated agar aseptically. Each well was filled with 100
pL of probiotic culture supernatants and labelled. As a negative control, sterile MRS broth (pH
adjusted to 4) was used in one well. The plates were kept stationary on the laminar flow hood
approximately for 30 minutes until no displacement of the liquid in the wells was observed
upon moving to the incubator. These plates were then, incubated at 37°C for 16 h. The radius
of the zone of inhibition around the wells were recorded as described in the “anti-Salmonella -

spot overlay assay” section. The WDA was performed in triplicate.

Anti-Salmonella - Co-culture assays:

To co-culture each probiotic strain and Salmonella Typhimurium DPC6463, a special
culture medium was prepared by mixing double strength (prepared by dissolving twice the
recommended amount of the media in the required volume of water) BHI and MRS broths in
equal volume. The probiotic (three strains selected from the spot overlay assays) and
Salmonella Typhimurium inoculums were prepared as described in the “pre-handling of the
probiotic strains” and the “anti-Salmonella - spot overlay assays” sections, respectively. The
co-culture medium (10 mL) was then, inoculated with 100 pL of the respective probiotic and
Salmonella Typhimurium culture and labelled accordingly. Each co-culture was performed in
triplicate and all the cultures were incubated for 24 h at 37°C, aerobically. Through the use of
the spot plate method, selective enumeration of Salmonella in the co-cultures was performed

on Salmonella chromogen selective agar (CM1007, Oxoid, UK) at 0, 5, 10 and 24 h time points.
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Anti-Salmonella - Co-aggregation assays:

Three selected probiotic strains and Salmonella Typhimurium DPC6463 culture were
prepared as described in the “pre-handling of the probiotic strains” and the “anti-Salmonella -
spot overlay assay” sections, respectively. These cultures were then, centrifuged at 4000 g for
15 min at 4°C to obtain the bacterial pellet. The pellet was washed with sterile phosphate
buffered saline (PBS) twice and then, re-suspended in PBS to a concentration of 0.5 OD600.
The OD600 measurements were obtained using BioTek Synergy HT microplate reader. An
aliquot of 500 pL from each of those bacterial suspensions was individually, added into the
wells of sterile flat bottom 48 well microtiter plate in triplicate. Additionally, 250 uL of each
probiotic suspension was mixed with 250 uL of Salmonella suspension in triplicate. These
suspension mixtures were mixed well by pipetting. The plate was then, incubated at 37°C,
aerobically. At the end of 24 h of incubation, the OD600 reading of the wells was recorded
using the microplate reader without shaking the plate. The co-aggregation ability of each
probiotic strain was determined using the following formula (Balakrishna, 2013).

Co — aggregation ability = [1 — ((2 x Am) + (Al + As))]| x 100

Where;
Am = ODegoo Of the probiotic and Salmonella suspension mixture

Al = ODso of probiotic suspension alone

As = ODegoo of Salmonella suspension alone

Anti-Campylobacter — Well Diffusion Assays (WDAS):

Campylobacter jejuni was inoculated in Mueller Hinton broth (BD 275730, Fisher
Scientific, Ireland) supplemented with Campylobacter selective supplement (Skirrow)
(SROO069E, Fisher Scientific, Ireland) according the manufacturer’s directions. This inoculated
broth was incubated under microaerophilic conditions (5% O, 10% CO; and 85% N) at 42°C
for 48 h. The microaerophilic atmosphere was created inside a gas jar (volume: 2.5 L) by using
a CampyGen™ 2.5 L Sachet (CN0025A, Oxoid). This Campylobacter jejuni culture (100 pL)
was then, spread on Mueller Hinton agar (1.5%) plates (90 mm circular plates) and allowed to
dry. Wells of approximately 5 mm in diameter were created, aseptically in Campylobacter
spread agar using a sterile 200 pL pipette tip. Culture supernatants of all six probiotic strains
(prepared as described in the “Anti-Salmonella - WDAs” section) were added to these wells
(50 pL/well) in triplicate. After drying for approximately 30 min as described in the “Anti-
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Salmonella - WDAs” section, the plates were incubated at 42°C for 24 h under microaerophilic
conditions. The radius of the zone of inhibition by each probiotic was determined as described

in the “Anti-Salmonella - WDASs” section.

Statistical analysis of data:

The ANOVA followed by Tukey’s HSD test was performed using Statistica software
(Version 14.0.0.15) to identify statistically significant differences among the means of the
triplicate data. The significant differences between the treatments (with probiotic strains) were
identified at P- value <0.05.

In-vivo validation of effects of in-ovo administration of selected probiotic and prophybiotic
on gut health and production of broiler chickens (Experiment 3)
Preparation of probiotic (PB) injection:

Based on the anti-pathogenic assays (Experiment 2), Leuconostoc mesenteroides (LM)
was selected as the probiotic strain for this protocol. Based on the growth curve assays
(Experiment 1), LM reached its peak growth and entered the stationary phase of growth
approximately 15 h after incubation. Therefore, in order to obtain maximum number of
metabolically active cells for the in-ovo injection, LM culture was incubated for 15 h in MRS
broth media (BD Difco 288130, Fisher Scientific, Ireland). The culture was then, centrifuged
at 4,200 rpm for 20 min at 4°C to obtain the bacterial pellet. The pellet was washed twice with
and re-suspended in 0.9% NaCl physiological saline solution (Natrium Chloratum 0.9%
Fresenius KabiPac, Fresenius Kabi, Poland) adjusting the OD600 to 0.0311 (using Thermo
Scientific Multiskan FC plate reader) to obtain a cell density of approximately 5 x 106 CFU/mL.
A 0.2mL amount from this suspension was used to inject into each egg of the probiotic (PB)

treatment group delivering a 10® CFU/egg dose.

Preparation of prophybiotic (PPB) injection:

Based on the Experiment 1, garlic agueous extract was selected as the phytobiotic and
used at a dose of 0.5% (w/v) in combination with the selected probiotic, LM. Accordingly, the
prophybiotic (PPB) injection was prepared by mixing the LM suspension and garlic aqueous
extract ata 2:1 ratio. It was intended to deliver approximately the same amount of bacteria (10°
CFU/egg) from the PPB treatment similar to the PB treatment. As the volume of injection
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material was intended to be a constant (0.2 mL/egg) across all treatments and the volume of
bacterial suspension in PPB injection mixture was 2/3 of the volume, the OD600 of the bacterial
suspension for the PPB treatment was adjusted to a higher cell density (OD600 = 0.0326;
corresponding to 7.5 x 10% CFU/mL) to deliver approximately 106 CFU of LM per an egg
(similar dose to PB treatment). Similarly, in order to obtain 0.5% concentration (the selected
dose from Experiment 1) of garlic in the final injection mixture (in which garlic extract is 1/3
of the total volume), a 1.5% garlic aqueous extract was prepared following the protocol
described on the Table 2. A volume of 0.2mL for the final injection mixture was used to inject
each egg in the PPB treatment group.

In-ovo experiment:

The incubation of ROSS 308 broiler chicken eggs (n = 400) was performed under
standard conditions (Temperature: 37.5°C and Relative Humidity: 55%) (Midi series I, Fest
Incubators, Gostyn, Poland). On the 12" day of incubation, equal number of eggs were
randomly allocated into four groups (Table 6) after removing infertile eggs and dead embryos

by candling.

Table 6: Experimental design - in-ovo experiment

Experimental group  In-ovo injection Dose Volume

Negative control No injection None

(NC)

Positive control 0.9% NaCl physiological saline None

(PC) solution

Probiotic (PB) Leuconostock mesenteroides 10° CFU/egg 0.2 mL
B/00288

Prophybiotic (PPB)  Leuconostock mesenteroides LM: 10°
B/00288 + CFUlegg +

garlic aqueous extract (in 2:1 ratio in  Garlic: 0.5%

the final volume) (wWiv)

Prior to all injections, eggs were disinfected with 70% ethanol and a hole in the egg shell
at the site of the air cell (located by candling) was made using 20 G needles manually. Then,
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the respective injections were performed with a 26 G needle inserted into the air cell space
through this hole without damaging the inner membranes of the eggs. A drop of non-toxic glue
(Elmer's school glue, EImer's Products Inc., Ohio) was then, used to seal the hole in the egg
shell. Incubation of these eggs was then, continued under standard conditions until the chicks
were hatched.

Hatching and data collection:

Upon hatching, the hatchability of each group was recorded and the chicks were wing
tagged for identification. When the chicks were dried well, 25 birds were randomly selected per
group to measure the weight, length and the Pasgar score. The length from the tip of the beak
to the tip of the middle toe of the straightened right leg was recorded as the chick length by
placing the chick face down on a flat surface, as previously described by Sozcu and Ipek,
(2015). Pasgar scoring was performed to assess the quality of ten out of the 25 randomly
selected birds from each group, as described in the Lohmann breeder guide (“Lohmann
Hatchery Guide,”).

Rearing and data/sample collection:

All the procedures in animal rearing and slaughtering were carried out in accordance
with the guidelines of the Ethics Committee 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 European Parliament and the
Council of 22 September 2010 on the protection of animals used for scientific purposes).

The chickens were reared in four separate floor pens with deep litter, allocated to each
in-ovo treatment group (one floor pen/group). All the pens were provided with electronically
controlled uniform environmental conditions (temperature, lighting regime, air humidity).
During the rearing period, broilers had unlimited access to water and were fed ad libitum with
three feeds namely, starter (from day 1-21), containing 22.3% crude protein and 12.45 MJ/Kg
metabolizable energy and grower (from day 22-28) and finisher (from day 29-35) both
containing 20.2% crude protein and 13.01 MJ/Kg metabolizable energy. The individual body
weights (32 birds/group) and feed disappearance per group were recorded weekly, and feed

conversion ratio (FCR = Total feed consumed/Total weight gained) was calculated for each
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group. Feces samples from each group (n= 8/group) were collected in early (one week old) and
late (five weeks old) life stages to quantify the relative abundance of selected bacterial

communities as a reflection of the gut microbiome.

On the 35th day, chickens (n=8/group; excluding the NC group) were slaughtered (after
10 h of fasting) by decapitation and then, suspended to bleed for approximately 90 s. As
majority of gut microbiome of chickens is harbored in the ceca, the investigation on gut health
was mainly focused on the microbiome, gene expression and histomorphology of the ceca.
Accordingly, upon dissecting the carcasses, the luminal content of ceca was collected into
sterile 5 mL micro-centrifuge tubes for microbial quantification. These tubes were transported
in dry ice and frozen at —80°C until use. Additionally, the mucosal layer of the ceca was scraped
using a glass slide and collected into tubes containing stabilization buffer (fix RNA: E0280,
EURX, Poland) for gene expression analysis. These tubes were transported at room temperature
and frozen (after removing fix RNA) at —80°C until use. The middle part of the cecum was
directly preserved in Bouin's solution (HT101128, Sigma-Aldrich, Poland) for histology

analysis.

Slaughter and meat quality analysis:

In order to investigate the effects of in-ovo stimulation protocols on the production
parameters, a slaughter and meat quality analysis was performed after cooling the carcasses for
24 h. The ratio of the weight of chilled carcass including neck, abdominal fat, and edible giblets
(gizzard, liver, and heart) to the live body weight was calculated as the carcass dressing
percentage with giblets. The carcass dressing percentage without giblets was estimated using
the same formula but without including the weight of edible giblets in the weight of the chilled
carcass. The percentages of the breast muscle, leg muscle (thigh and drumstick), leg bones,
giblets, and abdominal fat were calculated as a percentage of the chilled carcass weight
including giblets. For meat quality analysis, the physiochemical properties such as pH, color,
drip loss, thawing loss, cooking loss, shear force, and texture of the breast and thigh muscles
were evaluated. This evaluation was carried out following the methods described by Poltowicz
et al. (2015).
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DNA and RNA extraction:

A GeneMATRIX Stool DNA Purification Kit (E3575, EURX, Poland) was used to
extract DNA from the feces and cecal content samples by optimizing the manufacturer's
protocol. To extract RNA from the cecal mucosa, the samples were homogenized in 1 mL of
RNA extracol solution (E3700, EURX, Poland) using a TissueRuptor Il homogenizer (990890,
Qiagen, Poland). The tissue homogenates were then, mixed with 0.2 mL of chloroform
(112344305, Chempur, Poland) and centrifuged (12000 g for 15 minutes at 4°C) to isolate RNA
in the supernatant. The isolated RNA was further purified using a Universal RNA purification
kit (E3598, EURX, Poland) following the manufacturer's protocol. The quality and quantity of
the extracted DNA and RNA were determined using a NanoDrop 2000 spectrophotometer
(Thermo Scientific). The integrity of the DNA and RNA was confirmed by performing
electrophoresis on a 2% agarose gel. The DNA and RNA samples were stored at —80°C until

use.

Analysis of the relative abundance of bacteria:

The relative abundance of the selected bacterial communities (important biomarkers of
gut health) was determined using a quantitative PCR (gPCR) method. In the fecal samples,
Lactobacillus sp., Bifidobacterium sp. Faecalibacterium sp. and Escherichia coli and in the
cecal contents, Lactobacillus sp., Bifidobacterium sp., Prevotella sp., Akkermansia sp.,
Fecalibacterium sp. and Escherichia coli were quantified. The relative abundance of each

bacterial community was calculated relative to the quantity of universal bacteria in each sample.

The qPCR reaction mixture consisted of 6.25 pL of SG qPCR Master Mix (2x) (0401,
EURX, Poland), 1 uM of each (forward and reverse) primer (Sigma-Aldrich, Germany) and 20
ng of DNA in a total volume of 12.5 pL.. The qPCR reaction for each sample in duplicates was
performed in 96 well plates (4T1-0955, AZENTA, Poland) using a LightCycler 480 Il (Roche-
Diagnostics, Switzerland). The protocol for gPCR included an initial denaturation at 95°C for
5 min, followed by 40 amplification cycles of denaturation (at 95°C for 10 s), annealing (at
58°C for 15 s) and elongation (at 72°C for 30 s) steps. The average Ct values of the 2 duplicate
reactions were used for data analysis. Five dilutions (1x, 0.5x, 0.25x, 0.125x%, and 0.0625x) of
the pooled bacterial DNA (all the samples of a particular sample type were pooled across the

treatment groups) were used to run a standard curve analysis for each primer pair using the
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LightCycler 480 Il software (Roche-Diagnostics). Then, the PCR efficiency for each primer

pair was determined using the software. The primer sequences are listed in the Table 7. The

relative abundances calculation was performed using the following formula as described in

Slawinska et al. (2019);

E universa

lCt universal

Relative Abundance [%] =

E targetCt target

E universal: qPCR Efficiency of universal bacteria primers

Ct universal: Ct value of qPCR reaction for universal bacteria

E target: gPCR Efficiency of target bacteria primers

Ct target: Ct value of gPCR reaction for target bacteria

Table 7: Primer sequences for determining the relative abundance of bacterial communities in

the feces and luminal content of ceca via qPCR

Bacterial Primer sequence! (5’ 3°) Reference

community

Universal bacteria F: ACTCCTACGGGAGGCAGCAGT (Tannock et al., 1999)
R: GTATTACCGCGGCTGCTGGCAC

Akkermansiasp. F: CAGCACGTGAAGGTGGGGAC (Earley et al., 2019)
R: CCTTGCGGTTGGCTTCAGAT

Bifidobacterium  F: GCGTGCTTAACACATGCAAGTC (Penders et al., 2005)

sp. R: CACCCGTTTCCAGGAGCTATT

Escherichiacoli  F: CATGCCGCGTGTATGAAGAA (Penders et al., 2005)
R: CGGGTAACGTCAATGAGCAAA

Faecalibacterium F: ACCATGAGAGCCGGGGGG (Lund et al., 2010)

sp. R: GGTTACCTTGTTACGACTT

Lactobacillus sp. F: AGCAGTAGGGAATCTTCCA (Stawinska et al.,
R: CACCGCTACACATGGAG 2019)

Prevotella sp. F: CCAGCCAAGTAGCGTGCA (Martin et al., 2002)

R: TGGACCTTCCGTATTACCGC

F: Forward primer/ R: Reverse primer
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Analysis of the expression of immune related genes:

The quantitative reverse transcription PCR (RT-qPCR) method was used to quantify the
expression of immune related genes (coding for pro-inflammatory cytokines: IL1-5, IL2, IL4,
IL6, pro-inflammatory chemokine: IL8, anti-inflammatory cytokine: IL10, free fatty acid
receptor 2 (FFAR2), host defense peptides: AVBD1 and CATHL2 and barrier function related
components: MUC6 and CLDN1) in the cecal mucosa. The smART First Strand cDNA
Synthesis Kit (0804, EURX, Poland) was used to reverse transcribe the RNA samples according
to the manufacturer's protocol. The resulting complementary DNA (20 ng) was then used to
perform gPCR in a reaction mixture as described in “Analysis of the relative abundance of
bacteria” section. The protocol for gPCR included an initial denaturation at 95°C for 15 min,
followed by 40 amplification cycles of denaturation (at 95°C for 15 s), annealing (at 58°C for
30 s) and elongation (at 72°C for 30 s) steps. All reactions were carried out in duplicate and the
average Ct values were used in the data analysis. The gene expression of each target gene was
calculated relative to the expression of the reference genes (ACTB and G6PDH) using AACt
method (Livak and Schmittgen, 2001). The primer details are listed on Table 8.

Table 8: Primer sequences for determining the relative gene expression in cecal mucosa via
RT-gPCR

Gene name Gene Primer sequence! (5°=> 3°) Reference
symbol

Actin, beta ACTB F: CACAGATCATGTTTGAGACCTT (Sevane et al.,
R: CATCACAATACCAGTGGTACG  2014)

Glucose-6- G6PDH F: CGGGAACCAAATGCACTTCGT  (Sevane et al.,

Phosphate R: GGCTGCCGTAGAGGTATGGGA 2014)

Dehyfrogenase

Avian beta- AVBD1 F: AAACCATTGTCAGCCCTGTG (Stawinska et al.,

defensin 1 R: TTCCTAGAGCCTGGGAGGAT 2019)

Cathelicidin 2 CATHL2 F: AGGAGAATGGGGTCATCAGG (Stawinska et al.,
R: GGATCTTTCTCAGGAAGCGG 2019)

Claudin 1 CLDN1 F: TCTTCATCATTGCAGGTCTGTC (Stawinska et al.,

R: AACGGGTGTGAAAGGGTCAT 2019)
FFAR2  F: GCTCGACCCCTTCATCTTCT
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Free fatty acid R: ACACATTGTGCCCCGAATTG (Stawinska et al.,

receptor 2 2019)

Interleukin 1 beta  IL1-8 F: GGAGGTTTTTGAGCCCGTC (Dunislawska et
R: TCGAAGATGTCGAAGGACTG al., 2017)

Interleukin 2 IL2 F: (Pietrzak et al.,
GCTTATGGAGCATCTCTATCATCA 2020)
R: GGTGCACTCCTGGGTCTC

Interleukin 6 IL6 F: (Chiang et al.,
AGGACGAGATGTGCAAGAAGTTC 2009)
R: TTGGGCAGGTTGAGGTTGTT

Interleukin 8 IL8 F: (Stawinska et al.,
AAGGATGGAAGAGAGGTGTGCTT 2014)
R: GCTGAGCCTTGGCCATAAGT

Interleukin 10 IL10 F: CATGCTGCTGGGCCTGAA (Rothwell et al.,
R: CGTCTCCTTGATCTGCTTGATG 2004)

Mucin 6 MUC6 F: TTCAACATTCAGTTCCGCCG (Stawinska et al.,

R: TTGATGACACCGACACTCCT

2019)

F: Forward primer/ R: Reverse primer

Analysis of Cecal Histology:

Assessment of the cecal histomorphology was performed using the paraffin technique
as described by Bogucka et al. (2016). Briefly, the middle part of the ceca which were preserved
in Bouin's solution were sliced into approximately 1 cm lengths. These tissue pieces were
subsequently, dehydrated, cleared, and infiltrated with paraffin by incubating in an automatic
tissue processor (Microm STP 120, Thermo Shandon, United Kingdom) overnight. Next, the
processed tissues were manually embedded into paraffin blocks in a transfer station (TES 99,
Medite, Burgdorf, Germany). Sections (7 um) of these paraffin embedded tissues were then,
cut using a rotational microtome (Finesse ME+, Thermo Shandon, United Kingdom) and
adhered to glass slides which were covered with egg white and glycerin. These slides were then,
de-waxed and hydrated before the staining. The periodic acid-Schiff (PAS) staining was

performed on microscopic preparations as described by Dubowitz et al. (1973). Microscopic
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images of the stained tissues were captured by using Evolution 300 microscope (Delta Opitcal,
Poland) equipped with a digital camera (ToupCam, TP605100A, ToupTek, China). Ten
measurements of villus height and width and crypt depth were taken per a chicken using the
Multiscan 18.03 microscopic images software (Computer Scanning Systems Il, Poland). The
villus height to crypt depth ratio (VH/CD) was calculated for each bird. The surface area of the

villi was also calculated according to the formula of Sakamoto et al. (2000).

VW
Surface area of villi = 2w X (T) x VH

VW= villus width
VH = villus height.

Statistical analysis of data:

The outliers of data (values which are greater than Quartile 3 + 1.5 x interquartile range
and below Quartile 1 + 1.5 x interquartile range) were removed before the statistical analysis.
Assumption of normality was tested by the Shapiro-Wilk test and equal variances were tested
by Levene's test. A linear mixed model was used to analyze the production, meat quality,
bacterial abundance and histology data where treatment effect was the fixed effect and the sex
of the bird was a random effect (to account for possible confounding variation due to sex). The
model was fitted using the “Imer” function of the “Ime4” package in R (version 4.3.1) and Wald
chi square test was performed to test the significance of the fixed effect. Tukey's HSD test was
then, performed to identify the significantly different means (P- value < 0.05). In the cases
where the assumptions were not met, non-parametric analysis, Kruskal-Wallis test followed by
Dunn's test was performed to identify the significantly different means (P- value < 0.05). For
the gene expression analysis, two sample T test was performed in R (version 4.3.1) to compare
the changes in expression of each treatment group compared to the positive control group (P-
value < 0.05).
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3.4 Results

In-vitro selection of compatible bioactives (Synbiotics and Prophybiotics) (Experiment 1)
Selection of compatible symbiotics:

The results of the growth kinetics studies on the six selected probiotics after individual
supplementation with three selected prebiotics as the sole energy source in cfMRS media are
displayed on Figure 3 and Table 9. L. casei, L. rhamnosus, and P. pentosaceus exhibited poor
growth on Raffinose as the sole energy source, indicating it is not a preferred substrate for these
strains. In contrast, L. plantarum, L. reuteri, and L. mesenteroides demonstrated significant
growth with Raffinose, albeit with reduced maximum growth and growth rates, and increased
lag time compared to the control. Additionally, Inulin was efficiently utilized by L. casei, with
all growth parameters statistically similar to the control. However, the other five probiotic
strains showed significantly lower growth with Inulin compared to the control. Additionally, L.
mesenteroides, when supplemented with Saccharicterpenin, exhibited statistically similar
maximum growth/OD and lag time to the control and a higher maximum growth rate when
compared with the control. L. plantarum also showed a higher maximum growth rate with
Saccharicterpenin, although it did not reach the control's maximum growth/OD. Other strains

did not utilize Saccharicterpenin effectively.

These findings suggest that Saccharicterpenin with L. plantarum or L. mesenteroides,
and Inulin with L. casei, could be compatible combinations for complementary synbiotics. In
contrast, L. rhamnosus and P. pentosaceus did not show compatibility with any of the tested

prebiotics.
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Figure 4: Growth kinetics for six probiotic strains in the cfMRS media supplemented with different
commercial prebiotics (1.8% wi/v). C: Control supplemented with glucose. RAF: Supplemented with
Raffinose. SAC: Supplemented with Saccharicterpenin. INU: Supplemented with Inulin. Error bars:
95% confidence interval
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Table 9: The growth parameters (mean = SD) of probiotic strains when different prebiotics were
used (C: Glucose - Control, RAF: Raffinose, INU: Inulin and SAC: Saccharicterpenin) as the

sole energy source.

C RAF INU SAC Significance
Probiotic strain
Max OD/Growth
L. plantarum 2.13+0.01*° 2.03+0.01° NA 1.95 + 0.02° ok
L. casei 2.21+0.01* NA 2.19+0.03% 1.36+0.09° ok
L. reuteri 2.12+0.03* 2.11+0.00° NA NA *
L. mesenteroides 2.15+0.01> 2.05+0.03° NA 1.97 £0.012 Fxk
Max growth rate
L. plantarum 1.07£0.03° 0.52+0.01° NA 1.14 +0.022 folalel
L. casei 0.80 £ 0.01* NA 0.83+0.04° 0.22 +0.01° ok
L. reuteri 1.29+0.06° 0.84+0.0° NA NA ok
L. mesenteroides 1.07 +0.01° 0.60 +0.02° NA 1.20 £ 0.012 Fxk
Lag time
L. plantarum 2.68+0.08" 13.58+0.27% NA 2.75+0.12° ok
L. casei 270+0.14 NA 3.68+0.05 232+16 NS
L. reuteri 1.96 +£0.04° 2.39+0.022 NA NA ok
L. mesenteroides 2.41 +0.04° 12.89+0.56° NA 2.86 + 0.05° ok

Notes: Significance codes: P- value >0.0001 “**** /> (0.001 “***/>0.01 ‘*’ / Not Significant ‘NS’
The alphabetical order of superscripts indicate the statistically different (Tuckey HSD) means of
treatment levels in descending order. ‘NA’ indicates the treatments where growth of the probiotic was

not observed (growth data were not fitted to Gompertz model)

Selection of compatible prophybiotics:
Supplementation of Turmeric extract:

The results of growth kinetics of the six probiotic strains supplemented with different
concentrations of the Turmeric extract in the MRS media are shown on Table 10 and Figure 4.
The turmeric extract exhibited prebiotic effects on L. mesenteroides. A higher maximum
growth/OD and growth rate and lower lag time was observed for L. mesenteroides when
supplemented with turmeric extract at the highest concentration. Overall, 0.06% and 0.1%
turmeric extract did not substantially impair the growth parameters of the six probiotic strains.
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Thus, turmeric extract at a 0.1% concentration was identified as a suitable candidate and dose

for prophybiotic formulations with all six probiotic strains studied, while a 0.6% dose can be

used with P. pentosaceus and L. mesenteroides.

Table 10: The growth parameters (mean £ SD) of probiotic strains when different levels of
turmeric extract (C: Zero turmeric - Control, CUR1: 0.06%, CUR2: 0.1% and CUR3: 0.6%)

were supplemented to the MRS broth media.

C CUR1 CUR2 CUR3 Significance
Probiotic strain
Max OD/Growth
L. plantarum 2.19+0.01° 2.17+0.01° 217+0.01* 2.11+0.02° Hokk
L. casei 25+004% 237+004> 232+0.02> 2.35+0.08° ok
L. reuteri 1.96+0.06 191+0.03 1.93+0.02 1.88+0.01 NS
L. rhamnosus 2.25+0.03% 2.26+0.01> 2.28+0.00° 2.08+0.06" falahed
L. mesenteroides 0.85+0.03° 0.86+0.00° 0.92+0.12%® 1.06 + 0.00°? *k
P.pentosaceus  1.78+0.09 1.77+0.07 1.85+0.01 1.85+0.03 NS
Max growth rate
L. plantarum 0.94+0.04* 0.97+£0.03* 0.97+0.05% 0.59+0.01° faleie
L. casei 0.24+0.01° 0.26+0.01* 0.27+0.01* 0.20 +0.01° ok
L. reuteri 0.24 +0.06° 0.26 +0.01* 0.27+0.05% 0.20 +£0.01° *k
L. rhamnosus 062+0.01 0.62+0.00 059+0.03 0.64+0.02 NS
L. mesenteroides 0.26 +0.01° 0.27 +0.00® 0.27 £0.01* 0.28 + 0.00? *
P.pentosaceus  1.04+0.07 0.99+002 1.03+0.03 1.11+0.61 NS
Lag time

L. plantarum 1.10+0.06° 1.43+0.09° 1.43+0.20° 2.49+0.20° ek
L. casei 576 +0.62° 5.63+024% 5924051 1.57+1.23" ok
L. reuteri 1.87+0.08 210+0.11 217+0.39 210+0.01 NS
L. rhamnosus 2.82+0.37° 3.39+0.18> 299+0.7° 4.71+0.10° *ok
L. mesenteroides 8.68+0.30 8.48+0.00 851+0.04 8.56+0.00 NS
P. pentosaceus  2.65+0.13* 2.70+0.03* 2.67+0.12% 240+0.11° *

Notes: Significance codes: P- value >0.0001 “****/>0.001 “**’ />0.01 “** / Not Significant ‘NS’

The alphabetical order of superscripts indicate the statistically different (Tuckey HSD) means of

treatment levels in descending order
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Figure 4: Growth kinetics for six probiotic strains in MRS media supplemented with different
concentrations of turmeric extract. C: Control media without any turmeric extract. CURL:
Supplemented with 0.06% (w/v) turmeric extract. CUR2: Supplemented with 0.1% (w/v) turmeric
extract. CUR3: Supplemented with 0.6% (w/v) turmeric. Error bars: 95% confidence interval
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The results of the growth kinetics of six probiotic strains supplemented with different

doses of green tea extract are shown on Figure 5 and Table 11.
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Figure 5: Growth kinetics for six probiotic strains in MRS media supplemented with different
concentrations of green tea extract. C: Control media without any green tea extract supplementation.
GT1: Supplemented with 0.06% (w/v) green tea extract. GT2: Supplemented with 0.1% (w/v) green
tea extract. GT3: Supplemented with 0.6% (w/v) green tea extract. Error bars: 95% confidence
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green tea extract (C: Zero green tea — Control, GT1: 0.06%, GT2: 0.1%) were supplemented to
the MRS broth media.

LAB C GT1 GT2 Significance
Max OD/Growth
L. plantarum 2.12 +£0.017 1.82 +0.00° 1.70 £ 0.01° folelal
L. casei 2.50 + 0.04% 1.93 +0.03" 1.93 +0.09° Fkk
L. reuteri 1.9 +0.06° 1.57 £0.04 1.66 + 0.02° Hokx
L. rhamnosus 2.13+0.012 1.66 +0.01° 1.77 £ 0.03° kel
L. mesenteroides 0.76 = 0.00 0.74 £0.04 0.74 £ 0.04 NS
P. pentosaceus  1.88 +0.042 1.19 +0.03° 1.31 +0.02° okl
Max growth rate
L. plantarum 0.79 £ 0.017 0.62 +£0.01° 0.41 +£0.03° kel
L. casei 0.24 £0.012 0.24 £ 0.002 0.18 + 0.02° ol
L. reuteri 1.06 + 0.06° 0.94 +0.04? 0.75 +0.03" Fkx
L. rhamnosus 0.54 £ 0.01% 0.48 +£0.01° 0.37 £0.01° kel
L. mesenteroides 0.76 + 0.00? 0.74 +0.00° 0.74 £ 0.01° hx
P. pentosaceus  0.97 +0.22 0.78 £ 0.02° 0.63 +0.01° ok
Lag time

L. plantarum 3.80£0.02 3.67+£0.21 3.10 £ 0.69 NS
L. casei 3.70£2 4.56 £ 0.65 254 +1.75 NS
L. reuteri 2.31+0.252 2.01+£0.122 0.93 +0.61° *

L. rhamnosus 3.79 £ 0.45% 3.90+£0.718 -1.92 +0.20° il
L. mesenteroides  7.62 + 0.00° 7.99 + 0.86° 9.65+1.13% *

P. pentosaceus 3.06 + 0.05° 3.28 £0.107 2.28 £ 0.16° Fhx

Notes: Significance codes: P- value >0.0001 “**** /> 0.001 ‘**’/>0.01 ‘*’ / Not Significant ‘NS’

The alphabetical order of superscripts indicate the statistically different (Tuckey HSD) means of

treatment levels in descending order.

The green tea extract displayed inhibitory effects on the growth of all six probiotic

strains, with the highest concentration (0.6%) causing a significant inhibition (L.

plantarum — 89%,
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mesenteroides — 97%, and P. pentosaceus — 88% at 15 h). Therefore, the growth data from GT3
treatment (the highest concentration: 0.6%), did not fit the Gompertz curve thus, have been
excluded from the statistical analysis. L. casei however, showed the highest resistance to
inhibition with 12% more growth on 0.06% green tea supplementation, compared to the control.
Nevertheless, due to the overall inhibitory effects, green tea extract was not considered suitable

for prophybiotic formulations.

Supplementation of Garlic aqueous extract:

The results of growth kinetics of the six probiotic strains with the supplementation of
different concentrations of garlic aqueous extract in MRS media are shown on Figure 6 and
Table 12. The results demonstrate the promising potential of garlic aqueous extract in
prophybiotic formulations with the probiotic strains studied. In particular, it exhibited prebiotic
effects on L. reuteri and P. pentosaceus, enhancing their maximum growth when supplemented
at the two higher doses (0.5% and 1%) compared to the controls. However, the highest dose
(1%) displayed a significant lower maximum growth of several strains (L. plantarum, L. casei,
L. rhamnosus and L. mesenteroides). Importantly, a 0.5% concentration displayed overall non-
inhibitory effects across all strains. Therefore, garlic extract at a concentration of 0.5% was
identified as a suitable candidate and dose for potential prophybiotic formulation with all six

probiotic strains studied.
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Figure 6: Growth Kinetics for six probiotic strains in MRS media supplemented with different
concentrations of garlic extract. C: Control media without any garlic extract supplementation. G1:
Supplemented with 0.25% (w/v) garlic extract. G2: Supplemented with 0.5% (w/v) garlic extract.
G3: Supplemented with 1% (w/v) garlic extract. Error bars: 95% confidence interval
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Table 12: The growth parameters (mean = SD) of probiotic strains when different levels of
garlic extract (C: Zero garlic- Control, G1: 0.25%, G2: 0.5% and G3: 0.1%) were supplemented
to the MRS broth media.

LAB C Gl G2 G3 Significance
Max OD/Growth

L. plantarum 213+0.03 1.95+0.28 2.10 £0.01 2.09 £0.02 NS
L. casei 2.09+0.03 210+£0.02 2.08 £ 0.01 2.09 £0.02 NS
L. reuteri 1.81+£0.03° 1.92+0.01° 1.95+0.01®® 1.99+0.01% folelad
L. rhamnosus 225+0.03% 2.22+0.02* 219+0.01* 2.11+0.03° falaie
L. mesenteroides  0.97 £0.03* 0.86 +0.02® 0.94+0.05% 0.90 +0.03? *

P. pentosaceus 1.79+0.07° 1.80+0.01° 1.94+0.02® 1.96+0.022 folelad

Max growth rate
L. plantarum 0.86 +0.01° 0.93+0.01* 0.90+0.01® 0.82+0.01° falaied
L. casei 0.64 +£0.01* 0.65+0.01* 0.65+0.01* 0.55+0.01° foleled
L. reuteri 125+0.04 1.21%0.02 1.24 + 0.06 1.23+0.03 NS
L. rhamnosus 0.68+0.022 0.71+0.00®° 0.66+0.022 0.57 +0.04° fololal
L. mesenteroides  0.31+0.01* 0.27+0.01° 0.29+0.02* 0.21 +£0.01° ok
P. pentosaceus 0.93+0.03° 0.90+0.01° 1.00+0.01* 0.97 +0.01* ok
Lag time

L. plantarum 1.62+0.01° 1.91+0.06° 1.92+0.11*% 1.45+0.04 ok
L. casei 3.81+0.10 4.01+038 393+0.06 359+0.35 NS
L. reuteri 165+0.08 1.71+0.03 2.01+£0.29 1.86+0.12 NS
L. rhamnosus 3.16+0.06° 3.37+0.04% 3.39+0.09% 2.65+0.08° faleled
L. mesenteroides ~ 4.58 +0.06° 5.08+0.02% 519+0.17% 4.89+0.16% *x
P. pentosaceus 2.37+£0.08° 242+0.03* 262+005 2.53+0.05® *x

Notes: Significance codes: P- value >0.0001 “****/>0.001 “*** />0.01 ‘** / Not Significant ‘NS’

The alphabetical order of superscripts indicate the statistically different (Tuckey HSD) means of

treatment levels in descending order

Based on above results, the effect of prebiotics seemed strain specific whereas the

phytobiotics (turmeric and garlic extracts) seemed to be non-inhibitory for all the probiotics

studied. Considering these results and the inherent benefits of phytobiotics on gut health,

prophybiotic application was selected for the in-ovo stimulation protocol.
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In-vitro selection of the most potent anti-pathogenic probiotic strain (Experiment 2)
Anti-Salmonella assays:
Spot overlay assays:

The results of the probiotic spot overlay assays against the three Salmonella enterica
serovars are displayed on Figure 7. The probiotic strains L. rhamnosus, L. mesenteroides, and
P. pentosaceus exhibited the most significant anti-Salmonella activity, overall. Therefore, these

three probiotic strains were selected for further anti-Salmonella assays.

2 S Typhimurium (DPC) S. Typhimurium S. Braenderup

R 10 (ATCC) 10
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Lactic acid bacteria
L. plantaram M L. casei ML, reuteri WL.rhamnosus N0 L. mesenteroides M P.pentosaceus

Figure 7: Radius of the inhibitory zone (mm) observed in spot overlay assays against three Salmonella
enterica serovars. Error bars: £ SD. Homogenous means have been indicated by similar letters identified
by Tukey’s HSD test (P- value <0.05)

Well diffusion assay:
The results of the well diffusion assay against Salmonella Typhimurium DPC6463 strain, are

displayed in Figure 8. The three selected probiotic strains displayed equally potent inhibition
against Salmonella Typhimurium DPC6463.

MRS
(pH 4)
Supernatants in the wells

N W~ oo

Radius of inhibitory zone
(mm): WDAs

Figure 8: Radius of inhibitory zone (mm) observed in well diffusion assays against Salmonella
Typhimurium DPC6463. LRh: L. rhamnosus, LM: L. mesenteroides, PP: P. pentosaceus Error bars:
+SD. Homogenous means indicated by similar letters identified by Tukey’s HSD test (P- value <0.05)
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Co-culture assay:

The results of the co-culture assay of each of the three probiotic strains selected with
Salmonella Typhimurium DPC6463 is displayed in Figure 9. The number of colony forming
units (CFUs) of Salmonella Typhimurium in the presence of each of the probiotic was markedly
reduced compared to those in the control medium. Remarkably, no Salmonella Typhimurium
colonies were detected in the co-culture at 24 hours, indicating a complete eradication of
Salmonella Typhimurium by these probiotics. The three probiotic strains displayed equally

potent bactericidal properties against Salmonella Typhimurium DPC6463.
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Figure 9: Selective enumeration of Salmonella Typhimurium DPC6463 in co-culture. A: Comparison of
growth of Salmonella in the presence and absence of LABs. B: Comparison of growth of Salmonella in
co-culture with different LAB. C-MRS: Control media (MRS+BHI), LRh: L. rhamnosus, LM: L.
mesenteroides, PP: P. pentosaceus. Error bars: £SD. Homogenous means indicated by similar letters:
Tukey’s HSD test (P- value <0.05)
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Co-aggregation assay:

The results of the co-aggregation assay of the three selected probiotics with Salmonella
Typhimurium DPC6463 are shown on Figure 10. Among the three probiotics selected, L.
mesenteroides displayed the highest co-aggregation potential with Salmonella Typhimurium

followed by P. pentosaceous. .
96
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Figure 10: Results of co-aggregation assays of selected probiotic strains with Salmonella Typhimurium
DPC6463. LRh: L. rhamnosus, LM: L. mesenteroides, PP: P. pentosaceus. Error bars: £SD.
Homogenous means indicated by similar letters: Tukey’s HSD test (P- value <0.05)
Anti-Campylobacter well diffusion assay:
The results of the well diffusion assay conducted against Campylobacter jejuni are
shown on Figure 11. Among the six probiotic strains studied, L. casei, L. mesenteroides and P.

pentosaceus displayed equally potent inhibition of Campylobacter jejuni followed by L.

plantarum.
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Figure 11: Inhibition of Campylobacter jejuni by probiotic culture supernatants in Well diffusion assays.
LP: L. plantarum, LC: L. casei, LR: L. reuteri, LRh: L. rhamnosus, LM: L. mesenteroides, PP: P.
pentosaceus. Error bars: £SD. Homogenous means indicated by similar letters: Tukey’s HSD test (P- value
£<0.05)

and co-aggregation potential against Salmonella and bacteriostatic potential against
Campylobacter jejuni. Considering the results of the growth of L. mesenteroides from
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Experiment 1, 0.5% garlic aqueous extract was selected as the phytobiotic component, to be

used in combination with L. mesenteroides for the in-ovo stimulation protocol.

In-vivo validation of effects of in-ovo administration of selected probiotic (PB) and
prophybiotic (PPB) on gut health and production of broiler chickens (Experiment 3)
Hatch data:

The NC group achieved the highest hatchability (91.7%), while the PPB group exhibited
the highest hatchability among the in-ovo injected groups (89.5%), surpassing both the PC
(86.9%) and PB (85.5%) groups. There were no statistically significant differences observed in
chick length and chick quality (Pasgar score) among the groups (P- value > 0.05). However,

chick weight was notably higher in the PB and PPB groups compared to the control groups (P-

b b a a
NC PC PB PPB

In-ovo treatment group

value < 0.05), as illustrated in Figure 12.
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Figure 12: 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
control group, PC: positive control, PB: probiotic (Leuconostoc mesenteroides) group, PPB:
prophybiotic (Leuconostoc mesenteroides + garlic aqueous extract) group

Body weight and feed conversion ratio:

The chickens from both the PB and PPB groups exhibited higher body weights
compared to those from the control groups from hatch to two weeks of age (Table 13),
indicating the beneficial effects of these treatments in the early life of the broilers. However,
no significant differences in body weight were observed among the groups from the third week

onwards. Furthermore, both the weekly feed conversion ratio (FCR) (Figure 13A) and the
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overall FCR for the entire production period (Figure 13B) did not reveal definitive evidence
that any group had a higher FCR compared to the others.

Table 13: Body weight of chickens of in-ovo treatment groups

Body weights? (g) Treatment
Day
NC! PC! PB! PPB! effect®
1 48.9 +2.9° 48.0 + 3P 53.0+2.92 52.4 + 3.9 *kk
7 180.5 + 25.8° 177.3 +23¢ 206.1 +25.6%  190.2 +30.7%  ***
14 480.2 + 71.5° 500.0 +47.2%  536.9+79.98  521.2+62.1% **

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

INC: Negative control, PC: Positive control, PB: Probiotic group, PPB: Prophybiotic group

2Data are represented as mean + SD. Homogenous means have been indicated by similar letters (in
descending order)

3Significant codes: P- values < 0.0001: *** < 0.001: **, < 0.05: *, <0.1: T, >0.1: NS
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Figure 13. Feed conversion ratio (FCR) of the chickens of in-ovo treatment groups. (A) Weekly FCR. (B)
Overall FCR. Abbreviations: NC: Negative control group, PC: positive control, PB: probiotic
(Leuconostoc mesenteroides) group, PPB: prophybiotic (Leuconostoc mesenteroides + garlic aqueous
extract) group.

45
45:49769775



Z.16/2021/2022
Annex No. 3 to
Instructions for printing, collecting, registering and making
available doctoral dissertations by scientific councils of
disciplines (artistic disciplines) conducting proceedings for the
award of a doctoral degree

Slaughter and meat quality assays:

The results of the slaughter analysis has been summarized on Table 14. Most of the
carcass parameters studied were not statistically different among the in-ovo treatment groups.
However, both PB and PPB groups displayed a statistically lower cooling loss compared to that
in the PC group. In addition, the PB group displayed a statistically higher leg bone percentage

and lower breast muscle percentage compared to those in the PC group.

Table 14: Slaughter analysis of the chickens of in-ovo treatment groups

Slaughter analysis?

Parameter Treatment effect?

pC? pB? PPB!

Cooling losses (%)  1.79+0.21*  1.35+0.29" 1.547 £ 0.09°  ***

Dressing percentage 79.81+1.14  79.51+1.25 79.82+1.24 NS
with giblets (%)

Dressing percentage 76.83+1.19  76.49+1.25 76.70 £ 1.3 NS
without giblets (%)

Breast muscle (%)  31.35+2.05° 29.39+153°  30.77+£237% *
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+0.3 242 +£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+£0.48"  4.44+0.49 417 £0.4%® T (P- value:0.06)
Abdominal fat (%)  1.83+0.3 1.94 +0.46 1.7+0.34 NS

PC: Positive control, PB: Probiotic group, PPB: Prophybiotic group

2Data are represented as mean + SD. Homogenous means have been indicated by similar letters (in
descending order)

$Significant codes: P- values < 0.0001: ***, < 0.001: **, < 0.05: *, <0.1: T, >0.1: NS
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The significant changes in meat quality are summarized in Table 14. In the PPB treated

chickens, the thawing loss (%) was lower in both breast and leg muscles whereas, the drip loss

(%) in leg muscles was higher compared to those in other groups. The breast meat of chickens

in PB and PPB groups was more acidic than that in the PC group. Additionally, some changes

in the sensory properties of the breast meat (higher chewiness and gumminess in PB group and

higher springiness in PPB group) were also noticed.

Table 15: Significant changes in the meat quality of the chickens of in-ovo treatment groups

Meat quality analysis?

Parameter Treatment effect®
pC! PB! PPB!

Breast muscle
Chewiness 10.255+2.83° 12.642 +3.24* 11.191 +1.35® T (P- value: 0.077)
Gumminess 29.316 £6.96° 35.018 +8.79° 29.925+3.11% T (P- value: 0.071)
Springiness 0.348+0.03® 0.361+0.02®>  0.372+0.03* T (P- value: 0.092)
Thawing loss (%) 5.373+1.32% 4.271+1.98® 3.150+1.1° ok
pH15 min 6.597 + 0.14*  6.338 £0.13° 6.361 + 0.18° folekad
Leg muscle
Drip loss 24h (%) 0.57 +0.12° 0.60 +0.08° 0.65 + 0.05% T (P- value: 0.06)
Thawing loss (%) 3.05 + 12 3.60 + 1.39? 2.29 + 0.64° *

IPC: Positive control, PB: Probiotic group, PPB: Prophybiotic group

Data are represented as mean + SD. Homogenous means have been indicated by similar letters (in

descending order)

3Significant codes: P- values < 0.0001: *** < 0.001: **, <0.05: *, <0.1: T

47:16098627

47



Z.16/2021/2022
Annex No. 3 to
Instructions for printing, collecting, registering and making
available doctoral dissertations by scientific councils of
disciplines (artistic disciplines) conducting proceedings for the
award of a doctoral degree

Relative abundance of bacteria in feces:

Feces samples of 7 days old chickens displayed a statistically higher relative abundance
of Bifidobacterium sp. in the PPB group (Figure 14A) and higher abundance of
Faecalibacterium sp. in both the PB and PPB groups (Figure 14B) compared to those in the PC
group. Towards the end of the production life (day 34), no significant difference in these
bacterial genera were observed among the groups while a significant reduction in the relative

abundance of E. coli was observed in the PB and PPB groups (Figure 14C) compared to the PC
group.

A
_ "0.00006 a B, siii Co.005
°\° T a ; a
e, a 0.0045
o 0.0012 T
£ 000005 o
E 0.001 0.0035
2 0.00004 b
° 0.003
3 0.0008
g 0.00003 0.0025
g 0.0006 0.002
=
2 0.00002 — 1 0.0015
o b = : b
8= 0.001
&  0.00001 0.0002 b .
oy 0.0005
= @ ]
0 0 0 =
PC PB PPB PC PB PPB PC PB PPB

In-ovo treatment groups

Figure 14: 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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Relative abundance of bacteria in cecal content:

The cecal content of the in-ovo treated chickens displayed modulation of short chain
fatty acid (SCFA) producing beneficial bacteria. The PPB treatment reduced the relative
abundance of Faecalibacterium sp. (Figure 15A) while both PB and PPB treatments increased

the relative abundance of Akkermansia sp. (Figure 15B) compared to those in the PC group.

Additionally, similar to day 34 feces samples, the relative abundance of E. coli was reduced in
the PPB group (Figure 15C).
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Figure 15. The relative abundance of bacterial communities in the luminal content of ceca of chickens of
different in-ovo treated groups. (A) Faecalibacterium sp. (B) Akkermansia sp. (C) Escherichia 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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Expression of immune related genes in the cecal mucosa:

The gene expression analysis displayed no significant differences in the expression of
IL1-4, IL2, IL6, IL8, IL10, CLDN and CATHL2 in the mucosa of the ceca among the in-ovo
treatment groups. Interestingly, the chickens in the PPB group displayed an over expression of
AVBD1 and FFAR2 (Figure 16A and B) while, both PB and PPB groups displayed an over

expression of MUCG6 (Figure 16C) in the cecal mucosa when compared to those in the PC group.
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Figure 16. Immune-related gene expression in the cecal mucosa of chickens of different in-
ovo treated groups. (A) AVBD1 (B) FFAR2 (C) MUCS. 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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Histomorphological changes in the ceca:

The villus height and villus width measurements in the ceca were not statistically
different among the in-ovo treatment groups (Figure 17A and B). However, due to the slight
(statistically insignificant) reduction of both the width and the height of the villi in the PPB
group, a statistically significant reduction in the villus surface area was observed (Figure 17C).
Similarly, statistically significant and insignificant increases in the crypt depth of the ceca in
the PPB and PB groups, respectively (Figure 17D) resulted in statistically significant decrease
in the Villus height:Crypt depth ratio (Figure 17E) when compared to the PC group.
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Figure 17. The analysis of histomorphological parameters of the cecal tissue of the in-ovo treated
chickens. (A) Villus Height. (B) Villus Width. (C) Villus Surface Area. (D) Crypt depth. (E) Villus
Height to Crypt Depth Ratio. 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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3.5 Discussion

As we are progressing through an antibiotic stewardship era, it is the responsibility of
livestock scientists to develop novel approaches to improve the health of livestock, mitigating
the use of antibiotics in livestock production. Poultry particularly, carry zoonotic pathogens
such as Campylobacter which are naturally found in poultry production systems and difficult
to eradicate (Hakeem and Lu, 2021). Not all farmers around the world are able to afford the
strict biosecurity measures and continuous feed supplements to maintain appropriate gut health
in poultry. In-ovo intervention strategies which confer long term benefits related to gut
microbiome and immune system functioning in the chickens therefore, can be an excellent
approach to overcome above mentioned challenges in the poultry production. However, the
efficacy of this application largely depends on careful optimization of the protocol. Therefore,
this PhD project was carried out to develop an in-ovo stimulation protocol for gut microbiome
programming with proven anti-pathogenic effects, to improve the gut health of broiler chickens.

In-ovo stimulation is performed on embryonic day 12 when the chorioallantoic
membrane is highly vascularized. The aim of in-ovo stimulation with a prebiotic therefore, is
to deliver it to the blood circulatory system of the developing embryo (through the vascularized
chorioallantoic membrane) to stimulate the native microbiome in the developing embryo and
start immune system development (Siwek et al., 2018). The prebiotic assays performed in
experiment 1 showed that the prebiotic potential of the commercial prebiotics used was very
specific, indicating their limited potential in stimulating an overall beneficial microbiome
profile in the gut. Sharma and Padwad (2020) also claimed that conventional oligosaccharides
may stimulate the growth of non-beneficial bacteria, leading to inconsistent observations in
clinical endpoints and lack inherent bioactivity for improving the gut health. These authors then
proposed that plant-based polyphenolic substrates would be a more suitable companion for
probiotics to achieve synergistic effects. Therefore, as the main goal of this protocol was to
confer anti-pathogenic effects and the prebiotics used seemed to have a limited prebiotic
potential, it was decided to proceed with the use of anti-pathogenic plant extracts in
combination with the probiotics (as a prophybiotic) in this protocol. Interestingly, to the best of
our knowledge, this project is the first to investigate the effects of in-ovo stimulation of broiler
chickens with a prophybiotic combination.

In this protocol, the probiotic and the phytobiotic components were expected to act
separately on the host. The anti-pathogenic phytobiotic component was expected to boost the
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immune system development in the embryo while the probiotic component was intended to
reprogram the gut microbiome of the newly hatched chicks. Therefore, it was necessary to use
a phytobiotic which neither promotes nor inhibits the growth of the selected probiotic, so it can
be entirely used on the immunomodulation of the host without interacting with the probiotic.
The selected phytobiotic, garlic is well known for immunomodulatory properties (Arreola et
al., 2015) and 0.5% dose of garlic aqueous extract displayed non-inhibitory and non-prebiotic
properties with the selected probiotic, Leuconostoc mesenteroides, meeting all the requirements
necessary for the expected outcome of the protocol. Similarly, the probiotic strains used in this
project are currently used in a multi-strain commercial probiotic supplement for poultry and
proven to be safe and effective against Salmonella (Smialek et al., 2019) and Campylobacter
(Smialek et al., 2018) pathogens. Leuconostoc mesenteroides species have displayed
antimicrobial (Zhang et al., 2021, 2023) and probiotic (de Paula et al., 2015) properties in
previous studies. Moreover, oligosaccharide by-products of L. mesenteroides fermentation are
known to stimulate the growth of beneficial bacteria, both in-vitro and in-vivo (Chung and Day,
2004; Miyamoto et al., 2023, respectively) but not harmful pathogens such as Salmonella and
E. coli, in-vitro (Chung and Day, 2004). To the best of my knowledge, this study is the first
investigating the potential use of L. mesenteroides in in-ovo stimulation of broiler chickens.

As it was hypothesized that this protocol will reprogram the gut microbiome and boost
the immune system which will last until the end of the production lifetime, the relative
abundance of selected bacterial communities and immune related gene expression in the in-ovo
treated chickens were investigated at 35 days of age. The results of bacterial quantification in
feces suggested that the effects of in-ovo stimulation on beneficial microbes was evident during
early life (1 week of age) and in adult chickens (at 5 weeks of age), the treatment effect may be
confounded with other biological and management factors such as feed and genetics. However,
as significant reduction of potentially harmful E. coli was observed in both the feces and cecal
content in the prophybiotic treated adult chickens, it can be suggested that the prophybiotic
protocol imparted long lasting protection against E.coli in the chicken gut.

The cecal microbiome further, displayed significant changes in the beneficial bacteria
even at the end of 5 weeks of age. Akkemansia sp. which displayed an increased abundance in
the ceca in both probiotic and prophybiotic treated chickens, function mainly as mucin
degraders (particularly, Akkermansia muciniphila) producing SCFA necessary for the
metabolism of the epithelial cells, immune reactions (Yang et al., 2022) and production of
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antimicrobial peptides in the gut (Paone and Cani, 2020). Therefore, an increased abundance of
this genera indicates a stimulated immune status in the ceca. In compliance with this result,
MUCG6 expression was increased in the cecal mucosa in both probiotic and prophybiotic treated
chickens indicating a possible higher mucin production to cope with higher mucin turnover by
Akkermansia sp.

The prophybiotic treatment further, resulted in a decrease of the abundance of
Faecalibacterium sp. As both Akkermansia and Faecalibacteria are SCFA producers, an
increase of one and decrease of the other by the prophybiotic treatment may indicate a
differential modulation of SCFA production in ceca of the broilers when compared to probiotic
alone treatment. SCFAs are known to recruit immune cells particularly, leucocytes in the gut
epithelium and the free fatty acid receptor 2 (FFAR2) is the key receptor found in these cells
(Schlatterer et al., 2021). Moreover, these immune cells are known to secrete antimicrobial
peptides such as avian beta defensing 1 (AVBD1) (Flaherty, 2012). Interestingly, an increased
expression of AVBD1 and FFAR2 in the cecal mucosa was observed in the prophybiotic group
but not in the probiotic group possibly due to this differential modulation of SCFA production
in the ceca.

Moreover, the cecal histomorphology displayed that the crypt depth of the prophybiotic
treatment was higher when compared to the probiotic and positive control group. As crypts
generally, function as the villus factories and their depth determines the cell renewal rate in the
mucosa (Sobolewska et al., 2017), it can be suggested that the prophybiotic treatment resulted
in a higher cell renewal in the cecal mucosa which can be justified by the increased immune
status of the tissue.

In addition to above results, the gene expression analysis in the other immune related
organs such as cecal tonsils, spleen and liver of the same birds was performed (Wishna-
Kadawarage et al., 2024d — not included in the publication series of the thesis). The spleen
displayed an up-regulation of AVBD1 by both probiotic and prophybiotic treatments and an up-
regulation of IL1-£ only by the probiotic treatment. Moreover, a down-regulation of pro- (IL1-
S and 1L8) and and anti-inflammatory (IL10) cytokines in the cecal tonsils was observed in the
probiotic treated chickens whereas a down-regulation of pro- (IL1-4, IL6 and IL6) and anti-
inflammatory (IL10) cytokines in the liver was observed with the prophybiotic treatment. The

differential regulation of the immune related genes in the cecal tonsils and liver by the two
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treatments may be due to the differences in the metabolites (such as SCFA produced in the
ceca) reaching the respective organs.

These results together indicate that all in all, the in-ovo stimulation with the protocols
optimized in this PhD project (probiotic and prophybiotics), conferred long term benefits to the
cecal microbiome, resulted in differential expression of immune related genes in important
immune organs and modulated the cecal histomorphology of the broiler chickens. Interestingly,
according to the results of hatch parameters, body weights, slaughter and meat quality analysis
of the same chickens, no adverse effects on the production of these broilers was observed as a
result of induced immune status.

A limitation of this protocol might be the requirement of handling eggs on day 12 at the
hatcheries. It is also possible that the composition of the garlic extract is different between the
cultivars or origin and therefore, differences in the effects on chickens at the molecular level
can be observed if a different garlic cultivar was used. Changes in factors such as maternal flock
age, management practices and the genotype can also influence the outcome of the protocol.
Moreover, the current validation study quantified the selected bacterial communities and gene
expression at the mRNA level. However, a detailed microbiome profiling (such as 16s rRNA
sequencing) and an investigation of the immune components at the protein level, will provide
further insights to potential mode of action of the bioactive treatments validated in this study.
All in all, this PhD project demonstrates the potential of in-ovo stimulation with a novel
approach, a prophybiotic combination as a tool to improve gut health of broiler chickens and

opens up a new line of knowledge on the topic.
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3.6 Summary

This PhD project was conducted to optimize a protocol to administer bioactive

substances with anti-pathogenic effects, into chicken eggs on the 12" day of incubation (in-ovo

stimulation) conferring long term benefits on the gut microbiome and immune system of the

broiler chickens without impairing their production. Two in-vitro experiments were conducted

to screen the most efficacious bioactive substances out of a variety of prebiotics, probiotics and

phytobiotics, followed by an in-vivo experiment to validate the effects of the optimized protocol

on gut health and production of broiler chickens. The following are the main findings of the

above experiments;

The prebiotics selectively supported the growth of the probiotics studied. Accordingly, the
following compatible synbiotic pairs were identified,;

o Raffinose and L. reuteri

o Inulin and L. casei

O Saccharicterpenin and L. plantarum or L. mesenteroides

Green tea significantly inhibited the growth of all six probiotics studied indicating it’s
unsuitability in prophybiotic (probiotic + phytobiotic) combinations. However, turmeric
and garlic extracts did not display inhibitory effects against the probiotics studied indicating
their potential to be used in following prophybiotic combinations;

o Turmeric (0.1%) (w/v) with one of the four probiotics, L. plantarum, L. caseli, L. reuteri

and L. rhamnosus

o Turmeric (0.6%) (w/v) together with L. mesenteroides or P. pentosaceus

o Garlic (0.5%) (w/v) with all six probiotics studied.
L. rhamnosus, L. mesenteroides and P. pentosaceus displayed equally efficient
bacteriostatic and bactericidal properties while L. mesenteroides displayed the highest co-
aggregation ability against Salmonella.
L. plantarum, L. casei, L. mesenteroides and P. pentosaceus were the most effective against
Campylobacter.
In-ovo stimulation with the selected prophybiotic (10° CFU of L. mesenteroides with 0.5%
garlic aqueous extract) and its probiotic component alone (10° CFU of L. mesenteroides)
resulted in no impairment of hatchability, chick quality and chick length. Interestingly, both
treatments resulted in a higher chick weight compared to the controls. Moreover, both

treatments resulted in higher body weights during the first 2 weeks of age without
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compromising the feed efficiency of the broiler chickens. The overall meat quality and
carcass parameters were not adversely affected by these in-ovo treatments.

e Interestingly, the treatments resulted in higher abundance of beneficial bacteria
(Faecalibacterium sp. in both groups and Bifidobacterium sp. in prophybiotic group) in the
feces at one week age and lower abundance of potentially harmful E. coli in the feces and
cecal content at 5 weeks age. Moreover, both treatments resulted in a higher abundance of
Akkermansia sp. while the prophybiotic treatment resulted in a lower abundance of
Faecalibacterium sp. in the cecal content.

e Both treatments resulted in the up-regulation of MUC6 expression while only the
prophybiotic treatment resulted in an up-regulation of AVBD1 and FFAR2 genes in the cecal
mucosa. No changes in pro- or anti-inflammatory interleukins were observed in the cecal
mucosa resulting from the treatments.

e The prophybiotic treated chickens displayed a higher crypt depth in the ceca.

Based on the above findings, this PhD thesis concludes that in-ovo stimulation with
Leuconostoc mesenteroides (108 CFU/egg) alone (as a probiotic) and in combination with garlic
aqueous extract (0.5%) (as a prophybiotic) confers long term benefits to the gut microbiome,
gene expression and histomorphology of ceca providing prophylactic effects in ROSS308
broiler chickens. This validated protocol encourages more research on in-ovo stimulation with

different prophybiotic combinations to gain optimal benefits for future applications.
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ENGLISH ABSTRACT

In-ovo stimulation as a tool to improve gut health of broiler chickens.
Ramesha Nirmali Wishna Kadawarage, MSc.

Keywords: gut microbiome, immunomodulation, phytobiotic, probiotic, prophybiotic

In-ovo stimulation refers to the administration of bioactive substances into eggs during the 12
day of incubation and aims to modulate the gut microbiome and immune system of chickens
thus improving their gut health. The effects of this approach largely depends on the bioactive
substances used. Therefore, this PhD thesis was conducted to optimize an in-ovo stimulation
protocol using anti-pathogenic bioactive substances to improve the gut health of broiler
chickens. In-vitro growth Kinetics assays were performed to identify compatible synbiotic
(probiotic + prebiotic) and prophybiotic (probiotic + phytobiotic) pairs to be used in this
protocol. The most potent anti-pathogenic probiotic was identified by performing anti-
Salmonella (spot overlay, well diffusion, co-culture and co-aggregation assays) and anti-
Campylobacter (well diffusion assay) assays. In-ovo stimulation of ROSS308 chickens was
performed to validate the in-vivo effects of the protocol on the gut microbiome (feces and cecal
content), expression of immune-related genes (in the cecal mucosa), histomorphology (in ceca)
together with various production parameters (hatchability, hatch quality, body weight, feed
conversion ratio, carcass and meat quality). The results show that prebiotics selectively
promoted the growth of probiotics studied. Turmeric and garlic extracts did not inhibit the
growth of all the probiotics studied indicating their broad potential for use in prophybiotic
combinations. Leuconostoc mesenteroides B/00288 (LM) strain was selected as the most potent
anti-pathogenic probiotic based on it’s overall anti-Salmonella and anti-Campylobacter
activity. Accordingly, in-ovo stimulation with 10® CFU/egg LM alone and in combination with
0.5% garlic aqueous extract (the dose at which garlic was non-inhibitory to LM) was performed
in ROSS308 broiler chickens. The treatments resulted in beneficial changes on the gut
microbiome, gene expression in the cecal mucosa and histomorphology in the ceca. These
changes indicated a possible prophylactic effect without compromising the production
parameters. In conclusion, this in-ovo stimulation protocol can be used as a tool to improve the

gut health of broiler chickens.
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POLISH ABSTRACT

Stymulacja in-ovo jako narzedzie do poprawy zdrowia jelit kurczat brojleréw.

Mgr. Ramesha Nirmali Wishna Kadawarage

Stowa kluczowe: mikrobiom jelitowy, immunomodulacja, fitobiotyk, probiotyk,
profibiotyk

Stymulacja in-ovo odnosi si¢ do podawania substancji bioaktywnych do jaja w 12 dniu
inkubacji i ma na celu modulacj¢ mikrobiomu jelitowego i uktadu immunologicznego kurczat,
a takze poprawe zdrowia jelit. Efekty tej stymulacji w duzej mierze zaleza od zastosowanych
substancji bioaktywnych. Dlatego tez celem tej dysertacji doktorskiej byla optymalizacja
protokotu stymulacji in-ovo z wykorzystaniem antypatogennych substancji bioaktywnych w
kierunku poprawy zdrowia jelit kurczat brojlerow. Przeprowadzone zostaty testy kinetyki
wzrostu in-vitro w celu zidentyfikowania kompatybilnych par synbiotykéw (probiotyk +
prebiotyk) 1 probiotykdw (probiotyk + fitobiotyk). Probiotyk o najsilniejszych wtasciwos$ciach
antypatogennych zostal zidentyfikowany poprzez wykonanie testow anty-Salmonella
(punktowy, dyfuzja w studzience, ko-kultura i ko-agregacja) i anty-Campylobacter (test dyfuzji
w studzience). Waliidacja efektywnos$ci wytypowanych substancji bioaktywnych zostata
przepwoadzona w do$wiadczeniu in-vivo w ktorym ocenie poddany zostat wptyw iniekcji in-
ovo na mikrobiom jelitowy (oznaczone w kalomoczu i jelicie §lepym), ekspresje genow
zwigzanych z odpowiedzia immunologiczng (w blonie S$luzowej jelita Slepego),
histomorfologie (w jelicie S$lepym) wraz z niektérymi parametrami produkcyjnymi
(wylegowosc, jakos¢ pisklat, masa ciata, wspotczynnik konwersji paszy, jakos¢ tuszy i jako$¢
migsa). Wyniki wykazaty, ze prebiotyki selektywnie promowaty wzrost badanych
probiotykow. Ekstrakty z kurkumy 1 czosnku nie hamowaty wzrostu badanych probiotykow,
co wskazuje na ich szeroki potencjal do stosowania w kombinacjach profilaktycznych. Szczep
Leuconostoc mesenteroides B/00288 (LM) zostal wybrany jako najsilniejszy antypatogenny
probiotyk w oparciu o ogdlng aktywnos¢ przeciw Salmonella i Campylobacter. W zwiazku z
tym u kurczat brojlerow ROSS308 przeprowadzono stymulacje in-ovo z zastosowaniem 10°

CFUljajo Leuconostoc mesenteroides oraz w potaczeniu Leuconostoc mesenteroides z 0,5%
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wodnym ekstraktem z czosnku (dawka, przy ktoérej czosnek nie hamowat dzialania LM).
Stymulacja in-ovo wykazata korzystne zmiany w mikrobiomie jelitowym, ekspresji genow w
btonie $luzowej jelita §lepego 1 histomorfologii jelita §lepego. Zmiany te wskazywaty na
mozliwy efekt profilaktyczny bez kompensowania parametrow produkcyjnych.
Podsumowujac, opracowany protokot stymulacji in-0vo moze by¢ stosowany jako narzedzie do

poprawy zdrowia jelit kurczat brojleréw.
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Abstract

Synbiotics have been intensively studied recently to improve gut health of humans and animals. The success of synergistic
synbiotics depends on the compatibility of the prebiotic and probiotic components. Certain plant extracts possess both
antimicrobial and prebiotic properties representing a potential use in combination with probiotics to improve the gut health.
Here, we coined the term “prophybiotics” to describe this combined bioactivity. The current study aimed to select prebiot-
ics that are preferred as an energy source and antimicrobial plant extracts which do not inhibit the growth, of six strains
of lactic acid bacteria (LAB namely; Lactiplantibacillus plantarum, Lacticaseibacillus casei, Limosilactobacillus reuteri,
Lacticaseibacillus rhamnosus, Leuconostoc mesenteroides, and Pediococcus pentosaceus) in-vitro to identify compatible
combinations for potential synbiotic/prophybiotic use, respectively. Their growth kinetics were profiled in the presence of
prebiotics: Inulin, Raffinose, and Saccharicterpenin with glucose, as the control, using carbohydrate free MRS broth media.
Similarly, their growth kinetics in MRS broth supplemented with turmeric, green tea, and garlic extracts at varying con-
centrations were profiled. The results revealed the most compatible pairs of prebiotics and LAB. Turmeric and garlic had
very little inhibitory effect on the growth of the LAB while green tea inhibited the growth of all LAB in a dose-dependent
manner. Therefore, we conclude that turmeric and garlic have broad potential for use in prophybiotics, while the prebiotics
studied here have limited use in synbiotics, with these LAB.

Keywords Antimicrobial - Gompertz model - Growth kinetics - Plant extracts - Prebiotics - Probiotics

Introduction

A healthy gut microbiome is largely responsible for main-
taining innate immunity, gut barrier functioning as well as
direct and indirect exclusion of pathogens (Diaz Carrasco
et al. 2019). The use of probiotics, prebiotics, and synbiot-
ics (prebiotics + probiotics) to improve gut health of humans
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and animal species has been studied and reported intensively
in literature (as reviewed by Yadav et al. 2022). Lactic acid
bacteria (LAB) have been intensively studied and are widely
used as probiotics with a wide range of beneficial proper-
ties (Ljungh and Wadstrom 2006). Indeed, many species of
LAB are listed in the updated list of qualified presumption
of safety (QPS) recommended microorganisms by European
Food Safety Authority (EFSA Biohaz Panel (EFSA Panel on
Biological Hazards) et al. 2023) indicating the potential use
of LAB in humans and animals safely.

According to the latest consensus statement by international
scientific association for probiotics and prebiotics (ISAPP),
based on the components and their functional role, synbiotics
are divided into two main categories namely: complementary
and synergistic (Swanson et al. 2020). A complementary syn-
biotic is a mixture of a probiotic and prebiotic chosen to act
individually to improve gut health of the host while a syn-
ergistic synbiotic is a combination of live microorganisms
which have beneficial effects on a host and a substrate which
can selectively stimulate the growth and activity of the chosen
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microorganism. The selection of components in a complemen-
tary synbiotic is relatively easier given the fact that they are
expected to affect the host individually. However, the selection
of a components for a synergistic synbiotic requires more care-
fully planned studies to select the most compatible prebiotic
that effectively improves the growth and functioning of the
probiotic of choice (Quintero et al. 2022). Therefore, careful
screening of components in a synbiotic development is cru-
cial for its successful application. Thus, the first objective of
the current study was to determine the effect of commercial
oligosaccharide-based prebiotics (Inulin, Raffinose, and Sach-
charicter penin) on the growth of six strains of LAB to identify
the best combinations for potential synbiotic use in terms of
in-vitro growth.

As an innovative approach to synergistic synbiotics with
oligosaccharide based prebiotics, plant-based second-gener-
ation synbiotics have been reviewed by Sharma and Padwad
(2020). Here, the authors address the problems of using con-
ventional oligosaccharides including, supporting growth of
non-beneficial bacteria, inconsistent observations in clinical
endpoints, and lack of inherent bioactivity for improving the
gut health (Bindels et al. 2015; Krumbeck et al. 2016) and
propose plant-based polyphenolic substrates as a better com-
panion for probiotics in synergistic synbiotics. Among these
plant-based bioactives, turmeric (Curcuma longa) (Scazzoc-
chio et al. 2020), green tea (Camellia sinensis) (Jung et al.
2017), and garlic (Allium sativum) (Chen et al. 2020) have
shown pronounced effects in modulating the gut microbi-
ome and improving gut-associated immunity and overall gut
health in many species. Moreover, the literature indicates
that these plant extracts could also display prebiotic proper-
ties on LAB (Lu et al. 2021; Sunu et al. 2019; Yazdi et al.
2019). We coined the term Prophybiotics (probiotic + phy-
tobiotic) to describe this approach where we aim to utilize
these beneficial health effects of these phytobiotics and pro-
biotics synergistically in improving gut health of human and
animal species. However, as these plant extracts also contain
antimicrobial compounds (turmeric: Adamczak et al. 2020,
green tea: Gopal et al. 2016, and garlic: Bhatwalkar et al.
2021), it is important to confirm that the growth of probi-
otics used in combination might not be inhibited by these
antimicrobial phytobiotics. Thus, the second objective of
the current study was to assess the growth of six LAB in the
presence of the turmeric, green tea, and garlic extracts to
assess their effects on the growth.

Materials and methods
Probiotics, prebiotics, and plant extracts

A total of six LAB, namely, Lactiplantibacillus plantarum
B/00166 (LP), Lacticaseibacillus casei B/00164 (LC),

@ Springer
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Limosilactobacillus reuteri B/00281 (LR), Lacticaseibacil-
lus rhamnosus B/00279 (LRh), Leuconostoc mesenteroides
B/00288 (LM), and Pediococcus pentosaceus B/00165 (PP)
provided by JHJ sp. z 0.0., Nowa Wie§, Poland, were used.
All the strains were identified using 16S rRNA sequencing
and deposited at the Polish Collection of Microorganisms
located in Wroctaw.

Three commercial prebiotics, namely, Raffinose VWR
J392 (RAF), Saccharicterpenin (SAC) (Hubei, China), and
Inulin Orafti® HPX (INU) (Mannheim, Germany), were
used to determine the substrate preference of the LAB. Three
plant extracts, namely, turmeric, green tea, and garlic, were
used in the current study to determine their effects on pro-
biotic growth. Green tea (spray-dried aqueous extract) and
turmeric (spray-dried product of alcoholic extract of tur-
meric rhizomes) extracts were provided by Kaesler Gmbh,
Cuxhaven, Germany. Approximately 67.5% polyphenols and
0.4% caffeine were present in the green tea extract while
2% curcumin was present in the turmeric extract used in
the current study. The garlic (cultivar: Thermodrome) used
in experiment was organically grown in the 2021 season in
Aarhus University, Department of Food Science at Research
Centre at Arslev, Funen, Denmark.

Pre-handling of bacterial strains

All strains were retrieved from the stock cultures stored
at—80°C. A loop of stock cultures were streaked on MRS
agar (Merck 1.10660, Germany) plates and incubated at
37°C for 48 h to obtain isolated single colonies. A single
colony was then inoculated in 10 ml of MRS broth (Merck
1.10661, Germany) and incubated for 24 h at 37°C. Two
steps of subculturing were performed transferring 100 ul
of overnight cultures to 10 ml of MRS broth to regain the
viability after long-term storage at —80°C, and 1 ml of
the second subculture incubated for 20 h was centrifuged
at 13,000 rpm for 20 min to remove spent media. The
cell pellet was re-suspended in 1 ml of ringer’s solution
(Merck 1.15525, Germany) to prepare the inoculum for the
experiment.

Preparation of media for prebiotic assays

In order to determine the substrate preference of different
LAB, a carbohydrate-free MRS (cfMRS) broth was prepared
according to the formula listed in Table 1, from first princi-
ples. RAF, SAC, and INU were supplemented to the cfMRS
medium separately, at 18 g/l concentration. The same con-
centration of D + glucose (Merck G8270) was supplemented
as the control of the prebiotic assays. Each supplemented
medium was then filter sterilized using 0.2-pm syringe filters
(Merck WHA69012502).
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Table 1 Formula of cfMRS preparation for prebiotic assays

Ingredient Amount per liter
Oxoid peptone 10g

Yeast extract S5g

Tween 80 1 ml

K,HPO, 2¢g

Sodium acetate S5g
Triammonium citrate 2g
MgSO,-7H,0 02g
MnSO,-4H,0 005¢g

Preparation of plant extracts for growth curve
analysis

Turmeric and green tea extracts (CUR and GT)

Turmeric and green tea extracts (spray-dried products in
fine powder form) were measured in required quantities and
directly dissolved in MRS broth at respective concentrations
of supplementation. Finally, the supplemented broth media
were filter sterilized using 0.2 pm syringe filters.

Garlic extract (G)

Fresh garlic bulbs cv. Thermodrome were chopped in to
3-5 mm slices and air-dried for 2 days at 40°C and 5 days at
50°C. Then, air-dried garlic chips were milled into powder
and subsequently sieved with a 1 mm sieve. This powder
was stored at —20 °C until usage. Of sieved garlic powder,
1.25 g was incubated with 10 ml of distilled water at room
temperature to activate the alliinase enzyme reaction to pro-
duce allicin from alliin. First, the mixture was mixed using
a vortex mixer briefly for 20 s and then shaken for 8 min
at 550 rpm. After, the mixture was left for sedimentation
for another 2 min. Finally, the mixture was centrifuged at
10,000 rpm for 5 min, and the supernatant was obtained.
This was filter sterilized using a 0.2 um syringe filter before
it was added to MRS broth for the growth kinetic assays.

Experimental design

Growth kinetic assays for the six LAB with respective prebi-
otic and plant extract supplementation (Table 2) were per-
formed in 96-well plates (TPP B-0683). Plates were incu-
bated at 37°C for 30 h under aerobic conditions in Hidex
Sense microplate reader, and absorbance at an optical den-
sity 600 (OD600) was measured at hourly intervals. Plates
were shaken orbitally at 300 rpm speed for 10 s before taking
each reading. For each treatment, a negative control (without

70:82092817

Table 2 Prebiotic and plant extract supplements used in the experi-
ment

Treatment Annotation Concen-
tration
(wlv)
Prebiotics Raffinose RAF 1.8%
Saccharicterpenin SAC
Inulin INU
Plant extracts Turmeric CURI1 0.06%
CUR2 0.1%
CUR3 0.6%
Green tea GT1 0.06%
GT2 0.1%
GT3 0.6%
Garlic Gl 0.25%
G2 0.5%
G3 1%

bacteria) was used as a blank. The average absorbance from
triplicate wells/LAB/treatment was used to graph the growth
curves using GraphPad Prism 9.5.0.

Data illustration and statistical analysis

The average values of triplicate growth curves were plotted
using GraphPad Prism 9.0 version. The growth curve data of
the triplicates was applied in to the Gompertz model using
“nls” function in R software 4.3.1 version to obtain maxi-
mum OD/growth, maximum growth rate, and lag time. The
growth parameters extracted from triplicate growth curves
of different levels of each supplement were compared using
one-way ANOVA test in R software 4.3.1 version. The mean
comparison was performed using the Tukey’s honest signifi-
cant difference (HSD) test.

Results

Growth of lactic acid bacteria strains supplemented
with different energy sources

The growth of the six LAB strains when supplemented
with different commercial prebiotics as the sole energy
source is shown in Fig. 1 and Table 3. The growth data of
L. casei, L. rhamnosus, and P. pentosaceus when supple-
mented with Raffinose did not fit the standard Gompertz
model where they displayed poor growth as compared to
the control group (— 80%, — 82%, and — 72%, respectively).
This indicates that these LAB strains did not prefer RAF
as their energy source. Nevertheless, the remaining LAB
strains (L. plantarum, L. reuteri, and L. mesenteroides)
displayed a considerable growth when supplemented with

@ Springer
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Fig. 1 Growth kinetics (OD600 absorbance vs time (h)) for six LAB
in the cfMRS media supplemented with different commercial prebiot-

ics (1.8% w/v). C: control supplemented with glucose is indicated in
blue color. RAF: supplemented with Raffinose is indicated in green
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color. SAC: supplemented with Saccaricterpenin is indicated in
orange color. INU: supplemented with Inulin is indicated in ash color
(error bars: 95% confidence interval)
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Table3 The growth parameters 1 4 C RAF INU SAC Significance
(mean + SD) of lactic acid
bacteria (LAB) when different Max OD/growth
férbg"lizgii‘/;f:;rﬁ; gg;z;sed L. plantarum 2132001 2032001 NA o sm00r e
INU: Tnulin and SAC: L. casei 2.21+0.01* NA 2.19+0.03* 1.36+0.09 otk
Saccharicterpenin) as the sole L. reuteri 2.12+0.03? 2.11+0.00° NA NA *
energy source L. mesenteroides 2.15+0.01* 2.05+0.03° NA 1.97+0.01* otk
Max growth rate
L. plantarum 1.07£0.03° 0.52+0.01° NA 1.14+0.02% ook
L. casei 0.80+0.01° NA 0.83+0.04* 0.22+0.01° okt
L. reuteri 1.29+0.06° 0.84+0.0° NA NA ok
L. mesenteroides 1.07+0.01° 0.60+0.02° NA 1.20+0.01* ook
Lag time
L. plantarum 2.68+0.08" 13.58+0.27° NA 2.75+0.12° ok
L. casei 2.70+0.14 NA 3.68+0.05 232+1.6 NS
L. reuteri 1.96 +0.04° 2.39+0.02% NA NA skt
L. mesenteroides 2.41+0.04° 12.89+£0.56°  NA 2.86+0.05° ok

The alphabetical order of superscripts indicate the statistically different (Tukey HSD) means of treatment
levels in descending order. “NA” indicates the treatments where growth of the LAB was not observed
(growth data were not fitted to Gompertz model)

NS not significant

**%p value>0.0001, **p>0.001, *p>0.01

Raffinose although the maximum growth/OD and maxi-
mum growth rate were lower and lag time was higher than
the respective values of the control.

Interestingly, Inulin was efficiently utilized as an energy
source by L. casei where all the growth parameters when
supplemented with Inulin were statistically similar to
the control. Surprisingly, INU was not preferred as an
energy source by the remaining five LAB stains where
they displayed a considerably lower growth compared
to the control (L. plantarum — 81%, L. reuteri —94%, L.
rhamnosus —78%, L. mesenteroides — 87% and P. pentosa-
ceus —100%) at 15 h of incubation.

Moreover, L. mesenteroides displayed statistically simi-
lar maximum growth/OD and lag time and higher maxi-
mum growth rate compared to the respective values of
the control when supplemented with Saccharicterpenin.
Similarly, the Saccharicterpenin-supplemented L. plan-
tarum showed a higher maximum growth rate compared to
that of the control although it did not reach the maximum
growth/OD of the control. The remaining strains did not
show promise on utilizing Saccharicterpenin as an energy
source successfully.

Given these results, Saccharicterpenin with L. plantarum
or L. mesenteroides and Inulin with L. casei can be selected
as compatible pairs for potential synergistic synbiotic pro-
duction. Interestingly, L. rhamnosus and P. pentosaceus
strains tested in the current study did not show a compat-
ibility with any of the prebiotics studied as potential synbi-
otic products.

72:88794502

Growth of lactic acid bacteria strains supplemented
with turmeric extract

Growth of six LAB strains supplemented with varying
concentrations of turmeric extract is shown in Table 4 and
Fig. 2. Interestingly, P. pentosaceus and L. mesenteroides
displayed the prebiotic effects with the turmeric extract sup-
plementation at all three concentrations studied. P. pentosa-
ceus displayed a statistically similar maximum growth/OD
and maximum growth rate at all the concentrations tested
compared to the control. Interestingly, it further showed a
lower lag time when supplemented with the highest concen-
tration (CUR3 0.6%) of the turmeric extract. Moreover, L.
mesenteroides displayed higher maximum growth/OD and
maximum growth rate compared to other treatment levels
and the control when supplemented with the highest con-
centration of the turmeric extract. Furthermore, L. reuteri
displayed a statistically similar maximum growth/OD and
lag time with the supplementation of all three levels of
turmeric extract although the maximum growth rate of the
highest concentration was statistically lower than that of the
other treatment levels and the control. All in all, the results
indicate that 0.06% and 0.1% turmeric extract supplementa-
tion did not cause any inhibition (which could be expected
due to the curcumin effects) to all six LAB strains studied
in the current study. Therefore, according to our results,
0.1% turmeric extract can be selected as a suitable candi-
date for potential prophybiotic formulation in combination
with all six LAB studied while with P. pentosaceus and L.
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Table 4 The growth parameters

. : LAB C CURI CUR2 CUR3 Significance
(mean + SD) of lactic acid
bacteria (LAB) when different Max OD/growth
ﬁ:fizr‘:i“:g;erglj C(%RZfr(;’ ooy L planarum 2194001°  217+4001*  2.17+001°  2.11£002° %
CUR2 0.1% and CUR3 0.6%) L. casei 2.5+0.04 2.37+0.04° 232+0.02° 2.35+0.08"
were supplemented to the MRS L. reuteri 1.96+0.06 1.91+0.03 1.93+0.02 1.88+0.01 NS
broth media L. rhamnosus 2.25+0.03 2.26+0.01° 2.28 +0.00° 2.08 +0.06° sk
L. mesenteroides 0.85+0.03° 0.86 +0.00° 0.92+0.12% 1.06 +0.00° ok
P. pentosaceus 1.78 +0.09 1.77+0.07 1.85+0.01 1.85+0.03 NS
Max growth rate
L. plantarum 0.94+0.04* 0.97 +£0.03? 0.97 +£0.05° 0.59+0.01° sk
L. casei 0.24+0.01° 0.26+0.01° 0.27+0.01? 0.20+0.01° sk
L. reuteri 0.24+0.06 0.26+0.01? 0.27 +0.05 0.20+0.01° s
L. rhamnosus 0.62+0.01 0.62+0.00 0.59+0.03 0.64+0.02 NS
L. mesenteroides 0.26+0.01° 0.27 +0.00® 0.27+0.01%® 0.28 +0.00° i
P. pentosaceus 1.04+0.07 0.99+0.02 1.03+0.03 1.11+0.61 NS
Lag time
L. plantarum 1.10+0.06° 1.43+0.09° 1.43+0.20° 2.49+0.20° ok
L. casei 5.76+0.62° 5.63+0.24° 5.92+0.51° 1.57+1.23° sk
L. reuteri 1.87+0.08 2.10+0.11 2.17+0.39 2.10+0.01 NS
L. rhamnosus 2.82+0.37° 3.39+0.18° 2.99+0.7° 4.71+0.10 ok
L. mesenteroides 8.68+0.30 8.48+0.00 8.51+0.04 8.56+0.00 NS
P. pentosaceus 2.65+0.13* 2.70+0.03* 2.67+0.12% 2.40+0.11° *

The alphabetical order of superscripts indicate the statistically different (Tukey HSD) means of treatment

levels in descending order

NS not significant

w55 p value >0.0001, *%p>0.001, *p>0.01

mesenteroides, it could be increased up to 0.6% to maximize
the benefits of the combination.

Growth of lactic acid bacteria strains supplemented
with green tea extract

The growth of the six LAB strains supplemented with vary-
ing concentrations of green tea extract (Table 5 and Fig. 3)
revealed that green tea displays inhibitory effect towards the
growth of these LAB strains tested in the current study. At
the highest concentration (GT3 0.6%), there was a strong
inhibition of all six LAB studied (L. plantarum — 89%, L.
casei—T70%, L. reuteri —80%, L. rhamnosus —86%, L. mes-
enteroides —97%, and P. pentosaceus —88% at 15 h) com-
pared to the control growth. Thus, these growth data did
not fit to the Gompertz growth model successfully. Nota-
bly, the maximum growth/OD of all LAB strains at all the
levels of green tea extract supplementation was statistically
lower compared to that of the respective controls except for
L. mesenteroides. Although statistically similar maximum
growth was observed at all levels of green tea extract sup-
plementation, the growth rate of the L. mesenteroides was
significantly lower compared to the control indicating that
the maximum growth was somehow achieved at a slower

@ Springer
73:11177601

pace with the green tea supplementation. Additionally, L.
casei and L. reuteri displayed similar maximum growth rate
as compared to the respective controls when supplemented
with the two lower concentrations (0.06% and 0.1%) of
green tea extract despite their lower maximum growth/OD
achieved. Visually, L. casei displayed the highest resistance
to inhibition by GT with 12% more growth observed with
GT1 treatment (0.06%) compared to growth in the control
media at 15 h although achieved the stationary phase at a
lower OD. Given these results, green tea extract (at any con-
centration studied) was not selected as a suitable candidate
for potential prophybiotic formulation as it showed negative
effects on the growth of most of LAB strains studied.

Growth of lactic acid bacteria strains supplemented
with garlic extract

The growth of the six LAB strains supplemented with vary-
ing concentrations of garlic extract is indicated in Table 6
and Fig. 4. Indeed, the results of the garlic extract supple-
mentation showed the promise for prophybiotic formulation
with the LAB used in the current study. Interestingly, garlic
extract supplementation displayed prebiotic effects on L. reu-
teri and P. pentosaceus where they display higher maximum
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growth with the supplementation of garlic extract as com-
pared to the respective controls. Moreover, all the strains
indicated non-inhibitory effects with the supplementation
of garlic extract generally, 0.5% being the most beneficial
concentration to almost all the strains studied. Therefore,
0.5% garlic extract was selected as a suitable candidate for
potential prophybiotic formulation with all six LAB studied.

Discussion

Initial screening of the compatibility of bioactive compounds
is extremely important for the success of synergistic synbi-
otic production (Wu et al. 2017). The current study aided in
the identification of compatible bioactive substances, either
commercial prebiotics or plant extracts for use in potential
formulations of synergistic synbiotics or prophybiotics,
respectively, with the six LAB studied. All the LAB strains

74:25751543

Time (hours)

used in the current study are commercially used in probiotic
products for poultry and swine, produced by JHJ sp. z 0.0
due to their proven beneficial characteristics in improving
gut health (Jhj-lavipan-2021; Smialek et al. 2018, 2019).
Commercial prebiotics, Raffinose and Inulin used in the
current study, are well known for their prebiotic poten-
tial as reviewed by Anggraeni (2022) and Teferra (2021),
respectively. However, in the current study, those prebi-
otics were not compatible with many of the LAB such
as L. rhamosus and P. pentosaceus indicating the limited
use of these commercial prebiotics in synergistic synbi-
otic application with these strains. Saccharicterpenin is
a novel feed additive derived from extracts of Theaceae
plants (Liu et al. 2019) containing primarily polysaccha-
rides and triterpinoides (Liu et al. 2016) with wide vari-
ety of benefits to livestock including antioxidant activ-
ity (Liu et al. 2019), intestinal development (Peng et al.
2011), and digestive enzyme activity (Liu et al. 2016).
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Table5 The growth parameters (mean+SD) of lactic acid bacteria
(LAB) when different levels of green tea extract (C: zero green tea,
control/GT1 0.06%/GT2 0.1%) were supplemented to the MRS broth
media

LAB C GT1 GT2 Signif-
1cance
Max OD/growth
L. plan- 2.12+0.01*  1.82+0.00° 1.7040.01¢ s
tarum
L. casei 2.50+0.04°  1.93+0.03° 1.9340.09° i
L. reuteri  1.9+0.06 1.57 +£0.04° 1.66+0.02° i
L. rhamno- 2.13+0.01*  1.66+0.01° 1.7740.03> i
Sus
L. mesen-  0.76+0.00 0.74+£0.04 0.74+£0.04 NS
teroides
P. pentosa- 1.88+0.04*  1.19+0.03¢ 1.3140.02° s
ceus
Max growth rate
L. plan- 0.79+0.01*  0.62+0.01° 0.41+0.03¢  #ix
tarum
L. casei 0.24+0.01*°  0.24+0.00° 0.184£0.02° %
L. reuteri  1.06+0.06*  0.94+0.04* 0.7540.03% i
L. rhamno- 0.54+0.01*  0.48+0.01° 0.3740.01¢ k=
Sus
L. mesen-  0.76+0.00*  0.74+0.00° 0.74+0.01° i
teroides
P. pentosa- 0.97+0.2  0.78+0.02° 0.63+0.01¢
ceus
Lag time
L. plan- 3.80+0.02  3.67+0.21 3.10+£0.69 NS
tarum
L. casei 3.70+2 4.56+0.65 254+175 NS
L. reuteri ~ 2.31+025*  2.01+0.12° 0.93+0.61°  *
L. rhamno- 3.79+045*  390+0.71* —192+0.20° **
sus
L. mesen-  7.62+0.00°  7.99+0.86" 9.65+1.13*  *
teroides
P. pentosa- 3.06+0.05°  3.28+0.10° 228+0.16° ok

ceus

The alphabetical order of superscripts indicates the statistically differ-
ent (Tukey HSD) means of treatment levels in descending order

NS not significant
*#%p value >0.0001, **p>0.001, *p>0.01

However, its prebiotic potential has not been studied to
date. Hence, to our knowledge, our study is the first to
show the potential of Saccharicterpenin as a prebiotic for
lactic acid bacteria. As we observed that L. plantarum and
L. mesenteroides were able to use Saccharicterpenin as an
energy source, Saccharicterpenin displays the potential to
be utilized for developing a potential synergistic synbiotic
along with these two LAB. However, further investigation
is necessary to elucidate the potential of Saccharicterpenin
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as a prebiotic in terms of its effects on the poultry gut
microbiota.

The results of supplementation of turmeric extract sug-
gested that turmeric extract might be a suitable candidate for
potential prophybiotic formulation in combination with the
LAB studied. In compliance with our results, other studies
have shown that turmeric enhanced the growth of probiotics
such as L. rhamnosus GG ATCC 53103 and Bifidobacterium
animalis BB12 (Yazdi et al. 2019) and did not inhibit the
growth of L. acidophilus (Ilham et al. 2018), L. acidophi-
lus AOO1FS, L. rhamnosus AO01G8, L. paracasei A002CS5,
L. plantarum AO03A7, and L. casei AO03D4 (Kim et al.
2020). In addition to that, previous literature has also shown
that turmeric in combination with Lactobacillus probiotics
resulted in enhanced antimicrobial activity (Kim et al. 2020)
and anti-allergic inflammatory activity (Yazdi et al. 2020)
while improving poultry production parameters (Kinati et al.
2022). These studies along with our current results indicate
that turmeric may be a potential candidate to use in combi-
nation with Lactobacillus species without affecting bacterial
growth for potential prophybiotic application.

On the other hand, existing literature has shown that
green tea modulates the composition of intestinal micro-
biota to improve overall gut health (Chen et al. 2019), while
green tea in combination with probiotics reduced the high-
fat-diet-induced inflammation in mice (Axling et al. 2012)
and hepatorenal syndrome in rat model (Al-Okbi et al.
2019), indicating that green tea is an excellent candidate for
prophybiotic application. However, our results demonstrate
that supplementation of green tea extracts at higher doses
can inhibit the growth of the LAB strains used. In contrast,
Story et al. (2009) found that the growth of L. acidophilus
and L. gasseri was increased even at higher concentrations
of green tea supplementation. Moreover, several studies have
reported that the count of Lactobacillus starter cultures in
yoghurt is increased with green tea supplementation (Lim
2017; Marhamatizadeh et al. 2013; Najgebauer-Lejko 2014).
Interestingly, Janiak et al. (2018) claim that the variation
of effects of green tea on probiotic growth could be due to
the composition of polyphenolic compounds. The authors
reported that the catechins (monomeric flavan-3-ols) help
to modulate the growth of microorganisms more selectively
than the polymeric fraction in green tea. Proanthocyanidins
will inhibit microbial growth more generally and efficiently.
Therefore, these findings highlight the importance of per-
forming the individual growth curves for selected probiotic
strains with a particular green tea extract when selecting the
combinations for potential prophybiotic application as the
LAB strains used in the current study showed sensitivity to
green tea at higher concentrations.

Our results indicated that garlic extract did not inhibit
the growth of most LAB strains while it displayed prebi-
otic effects on some strains. Interestingly, garlic has been
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Fig.3 Growth kinetics (OD600 absorbance vs time (h)) for six LAB
in MRS media supplemented with different concentrations of green
tea extract. C: control media without any green tea extract supple-
mentation is indicated in blue color. GT1: supplemented with 0.06%

reported to have prebiotic effects particularly on Lactoba-
cillus species (Lu et al. 2021; Sunu et al. 2019; Sutherland
et al. 2009) and Bifidobacterium species (Zhang et al. 2013).

76:88598352

Time (hours)

(w/v) green tea extract is indicated in green color. GT2: supplemented
with 0.1% (w/v) green tea extract is indicated in grey color. GT3: sup-
plemented with 0.6% (w/v) green tea extract is indicated in orange
color. Error bars: 95% confidence interval

However, some contrasting results have also been found in
the literature. Altuntas and Korukluoglu (2019) and Booyens
and Thantsha (2013) observed that garlic extracts display
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Table 6 The growth parameters

. : LAB C Gl G2 G3 Significance
(mean + SD) of lactic acid
bacteria (LAB) when different Max OD/growth
levels of garlic extract (C: L. plantarum 2134003 1.95+0.28 2102001 2.09+0.02 NS
zero garlic, control/G1 0.25%/
G2 0.5% and G3 0.1%) were L. casei 2.09+0.03 2.10+0.02 2.08+0.01 2.09+0.02 NS
supplemented to the MRS broth L. reuteri 1.81+0.03¢ 1.92+0.01° 1.95+0.01% 1.99+0.01% ok
media L. rhamnosus 2.25+0.03 2.22+0.02% 2.19+0.01 2.11+0.03° sk
L. mesenteroides 0.97+0.03% 0.86+0.02® 0.94 +0.05% 0.90+0.03% *
P. pentosaceus 1.79+0.07° 1.80+0.01° 1.94+0.02° 1.96+0.02° ok
Max growth rate
L. plantarum 0.86+0.01° 0.93+0.01* 0.90+0.01* 0.82+0.01° sk
L. casei 0.64+0.01° 0.65+0.01* 0.65+0.01% 0.55+0.01° sk
L. reuteri 1.25+0.04 1.21+0.02 1.24+0.06 1.23+0.03 NS
L. rhamnosus 0.68+0.02° 0.71+0.00 0.66+0.02 0.57+0.04° sk
L. mesenteroides 0.31+0.01* 0.27+0.01° 0.29+0.02% 0.21+0.01° sk
P. pentosaceus 0.93+0.03° 0.90+0.01% 1.00+0.01* 0.97+0.01%° ot
Lag time
L. plantarum 1.62+0.01° 1.91+0.06 1.92+0.112 1.45+0.04° sk
L. casei 3.81+0.10 4.01+0.38 3.93+0.06 3.59+0.35 NS
L. reuteri 1.65+0.08 1.71+0.03 2.01+0.29 1.86+£0.12 NS
L. rhamnosus 3.16+0.06° 3.37+0.04% 3.394+0.09* 2.65+0.08° sk
L. mesenteroides 4.58+0.06° 5.08+0.02° 5.19+0.17* 4.89+0.16%® s
P. pentosaceus 2.37+0.08° 2.42+0.03 2.62+0.05 2.53+0.05® ok

The alphabetical order of superscripts indicates the statistically different (Tukey HSD) means of treatment

levels in descending order

NS not significant

% value > 0.0001, **p>0.001, *p>0.01

antimicrobial effects on L. acidophilus and Bifidobacterium
species. However, in the latter study, the inhibition of probi-
otic growth by fresh garlic extracts (crushing garlic cloves)
was significantly higher than that of garlic powder extract.
The authors suggest that it is possibly due to the presence of
more active allinase enzymes in fresh cloves when compared
with the powdered garlic which will produce more allicin
(the active antimicrobial compound) during the extraction
process. Since powdered garlic has been used in the cur-
rent study, it is possible that the allicin content in our garlic
extract was less than that of the study of Booyens and Thant-
sha which resulted in inhibition of probiotics. However, in
the same study, it was shown that the sensitivity of differ-
ent probiotics to garlic extract varied. Therefore, it is also
possible that the strains that we have tested in the current
study are more resistant to antimicrobial effects of garlic.
Therefore, it is imperative to focus on the content of the
antimicrobial compounds in the phytobiotics when screen-
ing for potential prophybiotic combinations. Therefore,
growth curve analysis of probiotics in each case is required
to develop successful potential prophybiotics.

It is also important to highlight that the effect of the sup-
plementation of these prebiotics and plant extracts may be
different in different strains of the same LAB species owing

@ Springer
77:35116353

to wide metabolic differences within the strains of LAB spe-
cies. Nonetheless, considering the results of the strains used in
the current study, prophybiotic formulation seemed promising
as plant extracts used in the current study did not inhibit the
LAB studied in two out of three species. Therefore, it shows
the potential to use a mixture of these LAB along with plant
extracts (turmeric or garlic) to optimize the beneficial effects
on the gut health of the host. However, as the LAB were very
selective in their ability to exploit the commercial prebiotics as
their energy source, use of a mixture of LAB with commercial
prebiotics, as a synergistic symbiotic, might not be possible
due to this selectivity. Nevertheless, the main constraint of
prophybiotic formulations is the differences among different
cultivars or different extraction systems in terms of bioactive
composition. Therefore, we suggest that more future research
is necessary to elucidate the potential of prophybiotic formula-
tion, minimizing these constraints.

Conclusion

Garlic and turmeric extracts displayed non-inhibitory
effects for all LAB strains studied indicating their poten-
tial to use in prophybiotic formulations in the future.
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Nevertheless, the commercial prebiotics displayed the
potential as an energy substrate limited only to particular
LAB indicating a limited use of these prebiotics in syner-
gistic symbiotic formulation with the LAB studied.
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Abstract

Campylobacter and Salmonella are the two most prominent foodborne zoonotic pathogens reported in the European
Union. As poultry is one of the major sources of these pathogens, it is imperative to mitigate the colonization of these
pathogens in poultry. Many strains of lactic acid bacteria (LAB) have demonstrated anti-Sa/monella and anti-Campylo-
bacter characteristics to varying degrees and spectrums which are attributed to the production of various metabolites.
However, the production of these compounds and consequent antimicrobial properties are highly strain dependent. There-
fore, the current study was performed to select a potent LAB and determine its causal attribute in inhibiting Salmonella
enterica and Campylobacter jejuni, in-vitro. Six LAB (Lactiplantibacillus plantarum (LP), Lacticaseibacillus casei (LC),
Limosilactobacillus reuteri (LR), Lacticaseibacillus rhamnosus (LRh), Leuconostoc mesenteroides (LM) and Pediococcus
pentosaceus (PP)) and three serovars of Salmonella enterica (Typhimurium, Enterica and Braenderup) and Campylobacter
Jjejuni were used in the current study. Spot overlays, well diffusion, co-culture and co-aggregation assays against Salmo-
nella and well diffusion assays against Campylobacter jejuni were performed. Organic acid profiling of culture superna-
tants was performed using HPLC. The results indicated that LRh, LM and PP had the most significant anti-Sa/monella
effects while LP, LC, LM and PP displayed the most significant anti-Campylobacter effects. Lactic acid and formic acid
detected in the culture supernatants seem the most likely source of the anti-Sal/monella and anti-Campylobacter effects
exhibited by these LAB. In conclusion, Leuconostoc mesenteroides displayed the most significant overall anti-pathogenic
effects when compared to the other LAB strains studied, indicating its potential application in-vivo.

Keywords Anti-Campylobacter - Anti-Salmonella - Foodborne pathogens and organic acids

Introduction and Control 2022). Salmonella is also known as the food-

borne pathogen with the highest number of reported human

Foodborne pathogens are the microorganisms which may
transmit to humans via consumption of certain foods (Bin-
tsis 2017). According to the latest reports, Campylobacter
and Salmonella are the two most prominent foodborne
zoonotic pathogens reported within the European Union
(Authority EFS. & European Centre for Disease Prevention
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hospitalizations in the United States (Centers for Disease
Control and Prevention 2022). Approximately, one mil-
lion people become sick in the United States each year due
to consumption of contaminated poultry products and the
Center for Disease Control claims that chicken is one of
the major sources of Salmonella and Campylobacter patho-
gens in humans. On the other hand, as per the estimations
published by European Food Safety Association (EFSA) in
2020 updating the 2011 opinion, a 10° reduction of Cam-
pylobacter contamination in chicken ceca can cause a 58%
reduction of the public health risk (Hazards (BIOHAZ) et
al. 2020). Therefore, it is imperative to find solutions to mit-
igate Salmonella and Campylobacter prevalence in broiler
chickens to combat foodborne infections and assure food
safety worldwide.
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Lactic acid bacteria (LAB) have been intensively stud-
ied over the past few decades with the aim of harnessing
their antimicrobial properties as alternatives to antibiotics in
livestock production. Consequently, many LAB strains have
been shown to possess anti-pathogenic effects against Sal-
monella and Campylobacter and have been used in the food
industry due to their antimicrobial food preservation abili-
ties (Reviewed by Vieco-Saiz et al. 2019 and Ibrahim et al.
2021). Furthermore, many LAB strains are identified by the
Food and Drug Administration (FDA) under the status of
Generally Recognized As Safe (GRAS) and by EFSA under
the status of Qualified Presumption of Safety (QPS) and as
such, have been used in the food and feed industry for many
years (Webb et al. 2022). LAB consist of diverse genera of
bacteria which produce different metabolites or compounds
which possess antimicrobial properties. Bacteriocins are the
one type of antimicrobial compound that are known to be
produced by some of the LAB strains. These are antimi-
crobial peptides with either a broad or narrow spectrum of
antimicrobial ability (Wyszynska and Godlewska 2021).
Their mechanisms include disruption of cell wall synthe-
sis and pore formation in cell wall/membrane of pathogens
inhibiting their growth and survival (Kumariya et al. 2019).
Another important attribute of LAB associated with anti-
pathogenic properties, is the production of organic acids
(Cizeikiene et al. 2013). Among these organic acids, lactic
acid, acetic acid and formic acid, are the major by-products
of LAB that are associated with a broad spectrum anti-
pathogenic effects. These organic acids create a low intra-
cellular pH environment where pathogens cannot perform
their regular metabolic functions such as replication and

Table 1 Lactic acid bacteria and pathogenic strains used

LAB Pathogens

Strain Origin  Strain Origin

Lactiplantibacillus Swine Salmonella Chicken

plantarum B/00166 enterica subsp.

(LP) Enterica serovar
Typhimurium
(DPC6463)

Lacticaseibacillus casei Salmonella

B/00164 (LC) enterica subsp.
Enterica serovar
Typhimurium
(ATCC 14028)

Limosilactobacillus Salmonella enterica

reuteri B/00281 (LR) subsp. Enterica
serovar Braenderup
(NRL-IE-22)

Lacticaseibacillus Campylobacter

rhamnosus B/00279 jejuni DVI-SC181

(LRh)

Leuconostoc mesen-

teroides B/00288 (LM)

Pediococcus pentosa-  Chicken

ceus B/00165 (PP)

A Springer
- 82:42115785

protein synthesis (Vieco-Saiz et al. 2019). Apart from bacte-
riocins and organic acids, some LAB can produce hydrogen
peroxide, diacetyl, ethanol and carbon dioxide also provid-
ing antimicrobial activity against wide range of pathogens
(Vieco-Saiz et al. 2019; Wyszynska and Godlewska 2021;
Webb et al. 2022).

Considering the potential of LAB to produce such antimi-
crobial metabolites against pathogenic bacteria, we selected
a number of LAB to screen for the strain with the most
broad spectrum of activity in inhibiting different strains
of Salmonella and Campylobacter jejuni in broiler chick-
ens. However, the antimicrobial characteristics are highly
dependent both on the probiotic and pathogenic strains
chosen (Campana et al. 2017). Therefore, in-vitro selection
of LAB strains for antimicrobial applications in livestock
production required specific focus on certain LAB strains.
Accordingly, six commercial LAB strains (homofermenta-
tive, obligatory heterofermentative and facultative hetero-
fermentative) belonging to different genera, were chosen for
screening against strains of Salmonella enterica and Cam-
pylobacter jejuni under in-vitro conditions.

Materials and methods
Bacterial strains

Six LAB strains (which are currently commercially used
in multi-strain probiotic supplements for swine and poultry
and produced by JHJ Sp Z.0.0, Nowa Wie$, Poland) were
selected for anti-pathogenic screening. All the LAB strains
had been identified using 16s rRNA sequencing and depos-
ited at the Polish collection of Microorganisms located in
Wroctaw. The pathogens used in the study included three
serovars of Salmonella enterica subspecies Enterica and
one strain of Campylobacter jejuni (Table 1).

Anti-Salmonella assays
Spot overlay assays

LAB were inoculated into MRS broth (BD 288130) and
incubated aerobically at 37°C for 20 h. Five microliters of
each LAB culture were spotted into a labelled MRS agar
plate allowed to air dry. These plates were incubated at 37°C
overnight. Fifteen microliters of cultures of each Salmonella
strain (incubated at 37°C for 16 h in BHI broth (1.10493
Merck)) was added to 30 ml of BHI molten cooled (at 50°C)
agar (0.75%) and mixed gently. The Salmonella inoculated
agar was overlaid the plate containing LAB spots grown
overnight and was further incubated at 37°C overnight.
The zone of inhibition surrounding the LAB spots were
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measured in mm (Four measurements of the radius were
taken perpendicularly and averaged). The experiment was
performed in triplicate. The three most promising LAB
which displayed highest inhibition of all three Salmonella
strains were selected for further assays.

Well diffusion assays (WDAs) against Salmonella
Typhimurium

The overnight cultures of the selected strains were prepared
as described in spot overlay assays section. These cultures
were centrifuged at 4000 g for 15 min at 4°C and the super-
natant was retained. The pH of the cultures (grown for 20 h)
was determined using a pH meter. Supernatant obtained
from each culture was neutralized using | M NaOH or 1 M
HCL, to pH 7+0.2. Untreated and pH neutralized super-
nantants were filter sterilized using 0.22 um syringe filters.

Salmonella Typhimurium (DPC6463) overnight culture
was prepared as described in spot overlay assays section and
25 ul of the culture was inoculated in 50 ml of BHI mol-
ten cooled (at 50°C) agar (1%) and was mixed gently. The
inoculated molten agar was poured into a square petri dish
and allowed to set for 20 min. Wells of approximately 7 mm
in diameter were created in the inoculated agar aseptically,
using a sterile pipette tip (1000 ul). Each well was labelled
with the names of LAB and 100 pl of the filtered LAB cul-
ture supernatants (neat and pH neutralized) was added into
the respective wells. For the WDA with neat LAB superna-
tants, MRS broth (pH=4) was used as a negative control.
The wells were dried at room temperature in a laminar flow
hood to the point that when moved to the incubator, the lig-
uid in the wells was not displaced (approximately 30 min).
Then the plates were incubated at 37°C for 16 h. Inhibition
around the wells were observed and recorded (in mm). The
experiment was performed in triplicate.

Co-culture assays

The three LAB which exhibited the strongest inhibi-
tion of all three Salmonella strains were selected for
co-culture experiments. Double strength BHI broth (for
Salmonella) and MRS broth (for LAB) were prepared.
Double strength MRS was mixed in equal volume with
double strength BHI for the co-culture experiment of
LAB with Salmonella. The mixture of double strength
media (10 ml) was inoculated with 100 pl of each LAB
overnight culture (incubated for 20 h) and 100 pl of Sal-
monella Typhimurium culture (incubated for 16 h) and
incubated for 24 h at 37°C. Selective enumeration of Sal-
monella Typhimurium in each coculture was performed
at 0, 5, 10 and 24 h time points using spot plate method
on Salmonella chromogen selective agar (CM1007).

83:38349322

Results were graphed to visualize the growth of Salmo-
nella in presence and absence of LAB. The experiment
was performed in triplicate. The pH of the cultures was
also recorded at each time point.

Co-aggregation assay with Salmonella Typhimurium

The co-aggregation ability of a bacterium is an indica-
tor of the potential inhibition of the colonization of a
pathogen in the gut by a beneficial bacteria which co-
aggregates with it. Therefore, the co-aggregation ability
of the three LAB selected was tested together with Sal-
monella Typhimurium. All bacterial overnight cultures
were prepared as described in the spot overlay assays
section. Cultures were centrifuged at 4000 g for 15 min
at 4°C. The supernatant was discarded and cell pellet was
washed with sterile PBS twice. Then the cell pellet was
re-suspended in PBS to a concentration of 0.5 optical
density at 600 nm (ODg,). ODgy, measurements were
obtained using BioTek Synergy HT microplate reader.
Five hundred microliters of each bacterial suspension
was aliquoted into a sterile flat bottom 48 well microti-
ter plate. Additionally, 250 pl of each LAB suspension
was added with 250 pl of Salmonella suspension into the
wells of the same plate and mixed by pipetting. The plate
was then incubated at 37°C for 24 h. The ODgy, read-
ing of the wells was recorded using the microplate reader
without shaking the plate. These experiments were per-
formed in triplicate. The co-aggregation ability of each
LAB was determined using the following formula (Bal-
akrishna 2013).

Co — aggregation ability
=[1—((2x Am) =+ (Al + As))]
x 100

Where;

Am = ODgy, of mixture of LAB and Salmonella
suspensions.

Al = ODy, of LAB suspension alone.

As = ODyy of Salmonella suspension alone.

Anti-Campylobacter assays
Well diffusion assays against Campylobacter jejuni.

Campylobacter jejuni was inoculated in Mueller Hinton
broth (BD 275730) supplemented with Campylobacter
selective supplement (Skirrow) (SRO069E) according the
manufacturer’s directions. After incubating the inoculated
broth at 42°C for 48 h under microaerophilic conditions (5%
0,, 10% CO, and 85% N,) using CampyGen™ 2.5 L Sachet

@ Springer
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(CNO0025A, Oxoid), Mueller Hinton agar (1.5%) plates
(90 mm circular plates) were spread with 100 pl of this cul-
ture and were allowed to dry. Then, using a sterile 200 pl
pipette tip, wells of approximately 5 mm in diameter were
created aseptically in the agar. The LAB culture superna-
tants (both neat and pH neutralized) were added to each well
(50 pl/well) and then the plates were left for approximately
30 min until the supernatants were absorbed into agar (wells
were empty). These plates were incubated at 42°C for 24 h
under microaerophilic conditions for 24 h. The inhibition
zone around the wells was observed and recorded (in mm).
The experiment was performed in triplicate.

Organic acids characterization in culture
supernatants

The culture supernatants (after 18 h of incubation) were
filtered using 0.22 um syringe filters. Levels of organic
acid metabolites were then quantified by HPLC using a
Waters Alliance Separations module €2695 coupled to a
Waters 2414 refractive index (RI) detector (Waters, Mil-
ford MA, USA). Samples or standards at a volume of
20 pl were injected on to a Rezex Organic acids H + col-
umn (300 x 7.8 mm) operated at 60°C. The samples were
eluted with H,SO, (0.005 N) at a flow rate of 0.6 mL/min.
Sample detection was performed by comparing retention
times of standards. Analytical grade acetic acid, butyric
acid, citric acid, lactic acid, formic acid and propionic
acid supplied by Merck were used as standards. The
assay was performed in duplicate.

Statistical analysis of the data

The measurements from triplicate assays were used to
perform ANOVA followed by Tukey’s HSD mean com-
parison test using Statistica software (Version 14.0.0.15)
to identify statistically significant differences among the
means.

Fig. 1 Radius of inhibitory zone (mm) observed
in spot overlay assays against three Sa/mo-
nella enterica serovars. Error bars: £SD.
Homogenous means have been indicated by

Radius of the inhibitory zone

bc
c
similar letters identified by Tukey’s HSD test (p 6 1 i
value <0.03) . I
0 I
L. plantarum
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Results
Anti-Salmonella
Spot overlay assays

The results of the spot overlay assays indicated that five
out of six LAB strains studied (except L. reuteri) are more
effective against all three Sa/monella serovars (Fig. 1). The
highest overall anti-Salmonella activity was observed for
L. rhamnosus, L. mesenteroides and P. pentosaceus. There-
fore, these three LAB were used for further anti-Salmonella
assays.

Well diffusion assays (WDAs)

The pH of the culture supernatants obtained from the six
LAB was approximately 4 (L. plantarum- 3.9, L. casei- 3.9,
L. reuteri- 4, L. rhamnosus- 4, L. mesenteroides- 4.1 and P,
pentosaceus- 4). In order to determine whether the inhibi-
tion observed by LAB in spot overlays was due to pH effect
(via organic acid production), the WDAs against Sa/mo-
nella Typhimurium were performed with neat (un-treated)
and pH neutralized (pH 740.2) culture supernatants of
the three LAB selected. Interestingly, no inhibition was
observed with the LAB supernatants when pH was neutral-
ized indicating that anti-Salmonella effects observed are
possibly due to pH effect/action of organic acids produced
by the LAB. The neat supernatants however, displayed inhi-
bition of Salmonella Typhimurium similar to MRS broth at
pH 4 (Fig. 2). Therefore, it can be suggested that the.

Co-culture assays of LAB with Salmonella

The results of co-culture assay indicated that the three LAB
strains selected (L. rhamnosus, L. mesenteroides and P. pen-
tosaceus) based on promising inhibition observed with spot
overlay assays, are equally efficient in inhibiting Salmonella
Typhimurium. The number of colony forming units (CFUs)
of Salmonella Typhimurium observed for in the presence of
LAB was significantly lower when compared to the number
of CFUs in the control medium (Fig. 3). Intriguingly, no col-
onies of Salmonella Typhimurium were present after plating
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Fig. 4 Changes of pH in the cultures of co-culture assay. C-MRS:
MRS + BHI media control, LRh: L. rhamnosus, LM: L. mesenteroi-
des, PP: P. pentosaceus

the co-culture at 24 h indicating a complete eradication of
Salmonella Typhimurium by LAB. These results suggest
that the selected LAB strains possess both bacteriostatic and
bactericidal properties against Salmonella Typhimurium.
The pH of the co-cultures was measured over time
(Fig. 4). It was observed that the pH of C-MRS (double
strength BHI+MRS media) inoculated only with Salmo-
nella Typhimurium gradually dropped to approximately 6 at
the end of 24 h of culturing. However, co-culture with LAB
strains decreased the pH to approximately 4.7 within first
10 h and remained constant until the end of 24 h. This result
also supports the assumed role of organic acids produced
by LAB in bactericidal effects on Salmonella Typhimurium.

Co-aggregation assays of LAB with Salmonella

The co-aggregation assay was performed with the three most
promising LAB strains (L. rhamnosus, L. mesenteroides and
P pentosaceus) together with Salmonella Typhimurium.
The results (Fig. 5) indicated that highest co-aggregation is
observed with L. mesenteroides.

Anti-Campylobacter well diffusion assays (WDAs)

WDAs against Campylobacter was performed with LAB
culture supernatants (neat and pH neutralized). The results
indicated that L. mesenteroides, P. pentosaceus and L. casei,
followed by L. plantarum displayed the highest inhibition
of Campylobacter jejuni (Fig. 6). Similar to anti-Salmonella
WDAs, no inhibition was observed with pH neutralized
supernatants as opposed to the clear inhibitions observed
with neat supernatants (Fig. 7) indicating a potential role of
organic acids in anti-Campylobacter activity also.
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A Springer
- 86:79280386

Organic acid characterization in culture
supernatants

The quantification of the organic acids in the culture super-
natants is shown in Fig. 8. Propionic or citric acid produc-
tion was not detected in any supernatants tested. There
was significant acetic acid and butyric acid production in
the L. reuteri while L. plantarum displayed a limited ace-
tic acid production. Other LAB did not display significant
production of these two organic acids. On the other hand,
lactic acid and formic acid were found at high levels in the
LAB strains which displayed highest anti-Salmonella and
anti-Campylobacter properties. Limited inhibition of the
pathogens was observed by L. reuteri while the least lactic
acid and formic acid production was observed for the same
strain. These results suggest a possible role for lactic and
formic acids in the anti-Salmonella and anti-Campylobacter
properties of the LAB studied.

Discussion

Lactic acid bacteria (LAB) are a group of beneficial bacteria
that have earned a reputation in inhibiting pathogens both
in-vitro and in-vivo (Ibrahim et al. 2021). It is imperative to
select a LAB strain which displays preferably a broad spec-
trum anti-pathogenic potential for applications to improve
the gut health of livestock. The six LAB species that were
assessed in the current study are used in multi-strain com-
mercial probiotic supplements for poultry (JHJ Sp. z o.0.
2021) and this product displayed promising results in reduc-
tion of Salmonella enteritidis (Smialek et al. 2019) and
Campylobacter spp. (Smialek et al. 2018) in broiler gas-
trointestinal tract (GIT). The current study evaluated the
potential of individual LAB strains against three serovars
of Salmonella enterica and Campylobacter jejuni in terms
of bacteriostatic, bactericidal or co-aggregating properties
along with their mode of action. Lecuconostoc mesenteroi-
des has been identified as the most promising candidate
LAB due to its anti-Salmonella and anti-Campylobacter
activity. Moreover, the results of the current study demon-
strated a significant role for lactic and formic acid produc-
tion in this antimicrobial activity.

As the inhibition ability was lost when the culture super-
natants of the strains used in the current study, were pH
neutralized, the anti-Salmonella and anti-Campylobacter
activity is likely to be associated with a pH effect. LAB are
known to impart a pH lowering effect via producing dif-
ferent types of organic acids. Generally, the organic acids
demonstrate a non-specific mode of action and thus a broad
spectrum antimicrobial activity (Khan et al. 2022). The
undissociated form of the organic acids are able to diffuse
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Fig. 8 Organic acid quantification of the culture super-
natants of LAB. LP: L. plantarum, LC: L. casei, LR:
L. reuteri, LRh: L. rhamnosus, LM: L. mesenteroides,
PP: P. pentosaceus. Error bars: +SD. Homogenous

means indicated by similar letters: Tukey’s HSD test (p B o
value <0.05) R b
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into the bacterial cells due to its lipophilic nature. Inside
the cytoplasm, they dissociate to release H ions and reduce
the intra-cytoplasmic pH of these pathogens. This eventu-
ally results in compromised metabolic functions accounted
for bacteriostasis or bactericidal activity. Therefore, organic
acids produced by LAB seems to be the likely cause for
the strains observed inhibitory effects in the current study.
Previous studies reported cases where the anti-pathogenic
effects from different LAB strains were maintained (De
Giani et al. 2019), decreased (Keeratikunakorn et al. 2023)
and disappeared (Otdak et al. 2020), when pH of the cell
free supernatant was neutralized. These studies claim that
when the antimicrobial activity is maintained, the inhibi-
tory activity is not due to a pH/organic acid effect whereas
decreased or no inhibitory activity is partially or completely
due to the effects of pH/organic acid production, respec-
tively. These claims are in agreement with our hypothesis
that the inhibition observed by our LAB strains is likely to
be due to organic acid production.

Further supporting this assumption, interestingly, dif-
ferent degrees of inhibition were observed for the cultures
despite having similar pH. This possibly highlights the sig-
nificance of specific organic acids produced by each LAB
which may display different antimicrobial potential at the
same pH. According to our results L. reuteri displayed
almost similar pH to L. mesenteroides but displayed much
less inhibition of all pathogens studied. It was clear that for-
mic acid and lactic acid content were lowest in the culture
supernatant of L. reuteri while L. mesenteroides displayed
great production of these organic acids. Similarly, L. reuteri
displayed higher production of acetic and butyric acids com-
pared to other LAB studied. Burin et al. (2014) claimed that
pathogen inhibition by acetic acid may be higher than lactic
acid due to its lower dissociation ability compared to that of
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lactic acid. The current results suggest that the strains which
produce greater amounts of both lactic acid and formic acid
appear to cause more inhibition of pathogens compared to L.
reuteri which produces acetic acid (which is more effective)
but production is lower. It might also be possible that the
observed antimicrobial properties are due to a synergistic
effect of combinations of organic acids (produced by these
LAB) as previously documented by Peh et al. (2020) against
Campylobacter species. These authors observed a synergis-
tic potential of caprylic acid, sorbic acid and caproic acid
in inhibiting Campylobacter jejuni and Campylobacter coli,
in-vitro.

LAB ferment sugars yielding mainly lactic acid to pro-
duce the energy necessary for their metabolism. Interest-
ingly, LAB consist of diverse species belong to different
genera including Lactobacillus (recently reclassified in to
25 genera such as Lactiplantibacillus, Lacticaseibacillus,
Limosilactobacillus, etc.), Leuconostoc, Pediococcus etc.
Although fermentation ability is a common feature of these
bacteria, they are broadly divided into two major groups of
fermenters namely, homofermentative and heterofermenta-
tive bacteria. The sole by-product of homofermentation is
considered to be lactic acid while heterofermentation yields
several by-products such as lactic acid, carbon dioxide
(CO,), ethanol and/or acetic acid (Kim et al. 2022). Theo-
retically, the homofermenters produce 2 moles of lactic acid
per 1 mol of glucose while heterofermenters produce less
(1 mol) lactic acid per 1 mol of glucose (Kim et al. 2022).
Therefore, it is indicative that these differences in fermenta-
tion metabolism may attribute to differences in organic acids
and their quantities produced by the LAB in the current
study. Interestingly, the six LAB were belonged to different
fermentation groups. P. pentosaceus is considered more a
homofermenter while the rest are obligate (L. reuteri) and
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facultative (L. plantarum, L. casei. L. rhamnosus and L.
mesenteroides) heterofermenters. Therefore, another possi-
bility that these strains displayed different degree of inhibi-
tion at the same pH, may be because of other metabolites
produced such as ethanol or carbon dioxide production
along with the organic acids.

Moreover, different strains from the same LAB species
that were used in the current study, are known to produce
bacteriocins such as Plantaricin which is produced by L.
plantarum (Gong et al. 2010; Kumar et al. 2016), Pedio-
cin by P. pentosaceus (Khorshidian et al. 2021), Caseicin
by L. casei (Rammelsberg et al. 1990), Rhamnocin by L.
rhamnosus (Jeong and Moon 2015), Mesenterocin from L.
mesenteroides (Daba et al. 1991) etc. It is also important
to highlight that certain LAB produce bacteriocins which
lose their antimicrobial activity in neutral or alkaline pH
conditions (Peng et al. 2023). Moreover, Keersmaecker et
al. (2006) observed a non-proteinaceous broad spectrum
antimicrobial compound which is synthesized by a L. rham-
nosus strain and active under lower pH as mediated by
accumulation of lactic acid. Therefore, apart from specific
fermentation metabolites produced, it is also possible that
these LAB displayed different degrees of inhibition due to
the production of other proteinaceous or non-proteinaceous
antimicrobial compounds which are only active under lower
pH. Nevertheless, this theory must be confirmed by further
investigation.

In the co-culture, not a single Sal/monella colony form-
ing unit (CFU) was observed at 24 h while considerable
numbers of Salmonella were present after 10 h incubation.
Nevertheless, the pH of both time points was similar. Thus,
we suggest that although the pH was similar at both time
points (by production of organic acids) it might take some
time for the organic acids to diffuse into pathogenic cells,
and interfere with the metabolic functions of Salmonella to
completely eradicate them from the co-culture. However,
another consideration is that these LABs produce a strong
antimicrobial metabolite which can eradicate Salmonella,
later in their exponential growth which might be activated
at a lower pH as previously observed by Keersmaecker et
al. (20006).

Moreover, the co-aggregation ability of a probiotic
with a pathogen, is a good indication of in-vivo inhibition
of pathogen colonization in the GIT. If a probiotic is able
to co-aggregate with a pathogen, it is an advantage for the
probiotic to release the antimicrobial compounds at a close
proximity to these pathogenic bacteria preventing their col-
onization in the gut (Tuo et al. 2013). Therefore, L. mes-
enteroides, from our results displays the most promise to
combat Salmonella Typhimuriumcolonization in the GIT of
broiler chickens.

A Springer
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Conclusion

Among the different strains of different genera belonging
to lactic acid bacteria studied, Leuconostoc mesenteroides
displayed the most significant overall anti-pathogenic prop-
erties against all the food borne pathogens used suggesting
its potential for in-vivo applications to combat foodborne
pathogens in broiler chickens.
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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

increased the abundance of faecalibacteria and bifido-
bacteria in feces (d 7) and Akkermansia sp. in cecal con-
tent. Moreover, it decreased Fscherichia 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.

Key words: broiler, gut health, in-ovo stimulation, production, prophybiotic

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-
Rondén, 2019). As broilers have been selected inten-
sively for fast growing and efficiency parameters, there is
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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 Jie101888800c mesenteroides (B/00288)
which was selected for the current study is currently

used in multistrain probiotic supplement for poultry
produced by JHJ, Nowa Wies, 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:
37.5°C and Relative Humidity: 55%) (Midi series I, Fest
Incubators, Gostyri, 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 10° 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 (4°C) 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 x 10° 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 separateobamtrerigd4suspension was prepared by
adjusting to a higher OD600 (corresponds to 7.5 x 10°

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 Tpek, 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



4 WISHNA-KADAWARAGE ET AL.

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, Gdansk, 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

were determined following the method described by
Pottowicz 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,
Gdarsk, 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
—80°C until use.

Extraction of RNA

Isolation of RNA was performed by homogenizing the
mucosal tissues in ImL of RNA extracol solution
(E3700, EURx, Gdarisk, Poland) using a TissueRuptor
IT homogenizer (990890, Qiagen, Wroctaw, Poland) fol-
lowed by centrifugation with 0.2 mL of chloroform
(112344305, Chempur, Piekary Slaskie, Poland). RNA
isolated in the supernatant was further purified using a
Universal RNA purification kit (E3598, EURx, Gdarsk,
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 —80°C 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)

Table 1. Primer sequences for determining the relative abundance of bacterial communities in the feces and luminal content of ceca via

qPCR.

Bacterial community

Primer sequence’ (5'— 3)

Reference

Universal bacteria

F: ACTCCTACGGGAGGCAGCAGT

(Tannock et al., 1999)

R: GTATTACCGCGGCTGCTGGCAC

Akkermansia sp.

F: CAGCACGTGAAGGTGGGGAC

(Earley et al., 2019)

R: CCTTGCGGTTGGCTTCAGAT

Bifidobacterium sp.

F: GCGTGCTTAACACATGCAAGTC

(Penders et al., 2005)

R: CACCCGTTTCCAGGAGCTATT

Escherichia coli

F: CATGCCGCGTGTATGAAGAA

(Penders et al., 2005)

R: CGGGTAACGTCAATGAGCAAA

Faecalibacterium sp.

F: ACCATGAGAGCCGGGGGG

(Lund et al., 2010)

R: GGTTACCTTGTTACGACTT

Lactobacillus sp.

Prevotella sp.

F: AGCAGTAGGGAATCTTCCA
R: CACCGCTACACATGGAG
F: CCAGCCAAGTAGCGTGCA

(Slawinska et al., 2019)

(Martin et al., 2002)

R: TGGACCTTCCGTATTACCGC

CVYN—FW-V-V

1 — 9367051692
F: Forward primer,/ R: Reverse primer.
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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 uL containing 1 uM of each (forward
and reverse) primer (Sigma-Aldrich, Darmstadt, Ger-
many), 20 ng of DNA, and 6.25ul of SG qPCR Master
Mix (2x) (0401, EURx, Gdansk, Poland) in 96 well
plates (4TI-0955, AZENTA, Genomed, Warsawa,
Poland). The qPCR reaction for each sample was per-
formed using LightCycler 480 IT (Roche-Diagnostics,
Rotkreuz, Switzerland) and 2 technical replicates. The
qPCR protocol included an initial denaturation at 95°C
for 5 min, followed by 40 cycles of amplification. Each
amplification cycle consisted of a denaturation step at
95°C for 10 s, an annealing step at 58°C for 15 s, and an
elongation step at 72°C 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 2x 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):

Relative Abundance [%)

— (E uniVGI‘Sal) Ct universal/(E target)ct target

E universal: qPCR Efficiency of universal bacteria
primers

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 Inmune Related Gene
Expression

The genes coding for immune related components
(pro- and anti-inflammatory cytokines: IL1-8, IL2, IL},
IL6 and IL10, pro-inflammatory chemokine: ILS, free
fatty acid receptor 2 (FFARZ2), host defense peptides:
AVBD and CATHL2 and barrier function related com-
ponents: MUC6 and CLDNT) 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 (95°C), fol-
lowed by 40 cycles of amplification (Denaturation: 95°C
for 15 s, annealing: 58°C for 30 s and elongation: 72°C
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 AACt method
(Livak and Schmittgen, 2001).

Table 2. Primer sequences for determining the relative gene expression in cecal mucosa via qPCR.

Gene name Gene symbol Primer sequence’ (5'— 3') Reference

Actin, beta ACTB F: CACAGATCATGTTTGAGACCTT (Sevane et al., 2014)
R: CATCACAATACCAGTGGTACG

Glucose-6-Phosphate Dehyfrogenase G6PDH F: CGGGAACCAAATGCACTTCGT (Sevane et al., 2014)
R: GGCTGCCGTAGAGGTATGGGA

Avian beta-defensin 1 AVBD1 F: AAACCATTGTCAGCCCTGTG (Slawinska et al., 2019)
R: TTCCTAGAGCCTGGGAGGAT

Cathelicidin 2 CATHL2 F: AGGAGAATGGGGTCATCAGG (Slawinska et al., 2019)
R: GGATCTTTCTCAGGAAGCGG

Claudin 1 CLDN1 F: TCTTCATCATTGCAGGTCTGTC (Slawinska et al., 2019)
R: AACGGGTGTGAAAGGGTCAT

Free fatty acid receptor 2 FFAR2? F: GCTCGACCCCTTCATCTTCT (Slawinska et al., 2019)
R: ACACATTGTGCCCCGAATTG

Interleukin 1 beta IL1-B F: GGAGGTTTTTGAGCCCGTC (Dunislawska et al., 2017)
R: TCGAAGATGTCGAAGGACTG

Interleukin 2 IL2 F: GCTTATGGAGCATCTCTATCATCA (Pietrzak et al., 2020)
R: GGTGCACTCCTGGGTCTC

Interleukin 6 I1L6 F: AGGACGAGATGTGCAAGAAGTTC (Chiang et al., 2009)
R: TTGGGCAGGTTGAGGTTGTT

Interleukin 8 IL8 F: AAGGATGGAAGAGAGGTGTGCTT (Stawinska et al., 2014)
R: GCTGAGCCTTGGCCATAAGT

Interleukin 10 IL10 F: CATGCTGCTGGGCCTGAA (Rothwell et al., 2004)
R: CGTCTCCTTGATCTGCTTGATG

Mucin 6 MUC6 F: TTCAACATTCAGTTCCGCCG (Slawinska et al., 2019)

94:19916375 R: TTGATGACACCGACACTCCT

1 . , .
F: Forward primer/ R: Reverse primer.
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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 wum
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 = (27) x (VW/2) x (VH)

VW= villus width,
VH = villus height.

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
“Ime4” package after removing the outliers (values
which are greater than Quartile
3 + 1.5 x interquartile range and below Quartile
1 + 1.5 x 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 96tes08e3sBy 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, ACt 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
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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.
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Table 3. Body weight of chickens of in-ovo treatment groups.

Body weights” (g)
Day NC! pC' PB' PPB' Treatment effect™”
1 48.9 + 2.9" 48.0 + 3" 53.0 &+ 2.9% 52.4 + 3.9% *oxk
7 180.5 + 25.8" 177.3 + 23° 206.1 + 25.6% 190.2 + 30.7°° Hokk
14 480.2 + 71.5" 500.0 + 47.2°" 536.9 + 79.9" 521.2 + 62.1°° *%
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 4 255.7 2455.6 + 266.3 NS

2babHomogenous means have been indicated by similar letters (in descending order).
'NC: negative control, PC: positive control, PB: probiotic group, PPB: prophybiotic group.

2
Data are represented as mean £ SD.

3Significant codes: P- values < 0.0001: ¥¥* < 0.001: **, < 0.05: *, <0.1: T, >0.1: NS

“Significantly different data is in bold.

(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

>

—_

Feed conversion ratio (FCR)
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o
—

3
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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

NC PC PB PPB

In-ovo treatment groups

1.6
14

12

Overall FCR

w

Figure 2. Feed conversion ratio (FCR) of the chickens of in-ovo treatment groups. (A) Weekly FCR. (B) Overall FCR. Abbreviations: NC: Neg-

ative control gr0u19,6: itive control, PB: probiotic

mesenteroides + garlic aqueous extract) group.

(Leuconostoc

mesenteroides) group, PPB: prophybiotic (Leuconostoc
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Table 4. Slaughter analysis of the chickens of in-ovo treatment groups.

Slaughter analysis”

Parameter PC' PB' PPB! Treatment effect™’
Cooling losses (%) 1.79 £0.21* 1.35 £ 0.29° 1.547 £ 0.09” ok
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 £ 2.05" 29.39 + 1.53° 30.77 + 2.37*° *

Leg muscles (%) 19.19 + 1.47 19.39 +1.27 18.89 + 2.07 NS
Giblets (%) 3.75 + 0.42 3.93+0.24 391403 NS

Liver (%) 2.234+0.3 242403 2.3440.19 NS
Gizzard (%) 0.96 +0.2 0.92 4+ 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 £ 0.48" 4.44 + 0.49° 4.17 £0.4™ T (P- value: 0.06)
Abdominal fat (%) 1.8340.3 1.94 4 0.46 1.7+0.34 NS

2babHomogenous means have been indicated by similar letters (in descending order).

'PC: positive control, PB: probiotic group, PPB: prophybiotic group.
Data are represented as mean & SD.

3Significant codes: P- values < 0.0001: *** < 0.001: **, < 0.05: *, <0.1: T, >0.1: NS

“Significantly different data is in bold.

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

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 F. coli

Table 5. Significant changes in the meat quality of the chickens of in-ovo treatment groups.

Meat quality analysis”
Parameter PC! PB' PPB' Treatment effect’
Breast muscle quality
Chewiness 10.255 + 2.83" 12.642 + 3.24" 11.191 & 1.35™ T (P- value: 0.07676)
Gumminess 29.316 + 6.96" 35.018 £+ 8.79" 29.925 + 3.11" T (P- value: 0.07074)
Springiness 0.348 +0.03" 0.3614 0.02" 0.372 £ 0.03" T (P- value: 0.0923)
Thawing loss (%) 5.373 + 1.32° 4.271 £1.98" 3.150 £ 1.1" o
pH15 min 6.597 + 0.14 6.338 +£0.13" 6.361 +0.18" Kok
Leg muscle quality
Drip loss 24h (%) 0.57 +0.12" 0.60 + 0.08" 0.65 + 0.05" T (P- value: 0.06)
Thawing loss (%) 3.05 4 1° 3.60 % 1.39" 2.29 + 0.64" *

*>2PHomogenous means have been indicated by similar letters (in descending order).

'PC: positive control, PB: probiotic group, PPB: prophybiotic group.

2 |
Sigmiiennt codes: DI RIS Ahooi

001: ¥**, < 0.001: **, < 0.05: *, <0.1: T
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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,
mesenteroides + garlic aqueous extract) group.

PB: probiotic

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:}ife3radmot towards the end, is likely
due to the reduction of bifidobacteria abundance in feces

(Leuconostoc mesenteroides)

group, PPB: prophybiotic (Leuconostoc

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.
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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.

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 coliin 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
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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
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Figure 5. The relative abundance of bacterial communities in the luminal content of ceca of chickens of different in-ovo treated groups. (A) Fae-
calibacterium sp. (B) gtbaamgenrgg sp. (C) Escherichia coli. Exror bars: & SE. Homogenous means have been indicated by similar letters (in descend-
ing order). Abbreviations: PC: positive control, PB: probiotic (Leuconostoc mesenteroides) group, PPB: prophybiotic (Leuconostoc

mesenteroides + garlic aqueous extract) group.
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Figure 6. Immune-related gene expression in the cecal mucosa of chickens of different in-ovo treated groups. (A) AVBDI (B) FFAR2 (C)
MUCS. 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.

the genes coding for the anti- and pro-inflammatory However, the PPB group resulted in an up-regulation
cyto/chemokines (IL1-B8, IL2, IL4, IL6. IL8 and IL10), in the expression of AVBDI and FFARZ2 in the cecal
the tight junction protein; CLDN or the host defense = mucosa when compared to the positive control group
protein; CATHL2 studied in the mucosa of the ceca.  (P-value < 0.05) (Figure 6). The A VBD1 gene is respon-
This suggests that there was no inflammation as a result sible for production of avian 8 defensing 1 which is a host
of the treatment, thus no dysbiosis or any other stress  defense peptide belonging to the innate immune

(Fathima et al., 2022) in cecal mucosa. response (Lyu et al., 2020). Defensins display a broad
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Figure 7. The analysis of histomorphological parameters of the cecal tissue of the in-ovo treated chickens. (A) Villus Height. (B) Villus Width.
(C) Villus Surface Area. ( t depth. (E) Villus Height to Crypt Depth Ratio. Error bars: &+ SE. Homogenous means have been indicated by
similar letters (in dest L@ngxyﬁp Abbrev1at10ns PC: positive control, PB: probiotic (Leuconostoc mesenteroides) group, PPB: prophybiotic
(Leuconostoc mesenteroides + garhc aqueous extract) group.
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Figure 8. Histomorphological analysis of cecal tissue of in-ovo treated birds with Periodic acid—Schiff (PAS) staining (Magnification 100x ). (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).

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 AVBDI1 is induced by higher production of
SCF As via modulating the gut microbiome rather than
an indication of infection.

Moreover, Sclibit4spesset 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 (FFARZ2). 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 A VBD expression as
leucocytes are one of the major producers of 8 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 influenced mucin 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 andiomiggeemzduction 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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