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ABSTRACT. The intestinal microbiota plays an important role in the signalling
between the gut and the liver. Intestinal bacteria produce short-chain fatty
acids and other signalling molecules that affect internal communication.
Changes in the composition of the gut microbiota can lead to alternations in this
communication, which may ultimately lead to modifications in gene expression
driven by epigenetic mechanisms. This study aimed to determine the effect
of early microbiome modifications by bioactive substances delivered in ovo
on changes in the relative abundance of bacteria in the intestinal contents
and the level of expression and methylation of hepatic genes. On day 12 of
incubation, a probiotic, a prebiotic, and a synbiotic were injected into the eggs
of broiler and Green-legged Partridge-like chickens. Samples were collected
post-mortem on day 42. Relative bacterial abundance was analysed using
qPCR, gene expression analysis by RT-gPCR, and gene methylation using the
MS-gPCR method. It was shown that the relative abundance of the analysed
bacteria changed in both genotypes. An increase was observed in the number of
Lactobacillus and Bifidobacterium, and a decrease in the number of Escherichia
coli in the Polish native breed. A significant increase was demonstrated in
DNA methylation of the spleen associated tyrosine kinase gene after prebiotic
administration in both groups, and the nuclear receptor subfamily 4 group
A member 3 gene in broiler chickens after administration of the synbiotic.
Changes in gene methylation correlated with alterations in gene expression.
Early stimulation of the gut microbiota at the embryonic stage led to changes in
the intestinal microbial profile in adults.
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Introduction activity of intestinal bacteria extends far beyond
the intestines and the associated lymphoid tissue

The importance of the gut microbiota and its (i.e. GALT). Interestingly, the hepatic metabolism

impact on intestinal function in poultry is well un-
derstood. However, there is a gap in knowledge
regarding the interaction between the gut, its eco-
system and organs. It is an undeniable fact that the

related to the functioning of the gut is not yet well
understood. The gut-liver axis is defined as the ana-
tomical and functional relationship between the gas-
trointestinal tract and the liver (Albillos et al., 2020).
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The gut microbiota does not directly affect host
metabolism, but acts by producing metabolites
and other signalling molecules (Koh and Béckhed,
2020). From the point of view of poultry produc-
tion, it is beneficial to support the intestines and
their microbiota in order to achieve a multi-organ
effect in the form of improved metabolism and im-
mune status. In the first two weeks of life, Lacto-
bacillus spp. and Enterococcus spp. are the domi-
nant bacteria in all sections of the gastrointestinal
tract (Aruwa et al., 2021), but as reported in the
literature, Escherichia coli are also present in large
numbers (Yadav and Jha, 2019). In the following
weeks of life, the microbial profile of the gut is
variable and unstable, which may be accompanied
by mild inflammation (Berghof et al., 2013). This
condition can lead to changes in the expression lev-
el of genes related to the immune system and basic
metabolism, which affects the host body. The liver
has both immune and metabolic functions (Hastings
et al., 2020); therefore, it is crucial to character-
ise the abundance of major bacteria in the gut and
mRNA expression profiles in the liver to understand
the signalling at the level of the enterohepatic axis.

To support the intestinal microbiota an
in ovo technology was developed to stimulate
intestinal bacteria during embryonic development
(day 12). It results in long-lasting effects in adult
chickens. /n ovo stimulation is a well-established
method of introducing significant modulation
of the gastrointestinal microbiota (Dunislawska
et al., 2017; Siwek et al., 2018; Slawinska et al.,
2019). In ovo administration of prebiotics can
selectively modulate the entire gut microbiome
ecosystem, resulting in the formation of a new
metabolic environment (Siwek et al., 2018). The
administration of probiotics, on the other hand,
may result in the colonization of the intestines by
beneficial bacterial strains and the elimination of
pathogenic bacteria (Jha et al., 2020). In previous
studies, we have proved that in ovo administration of
synbiotics affects the regulation of immunological
and metabolic gene expression, which depends
on DNA methylation (Dunislawska et al., 2020).
The results have clearly indicated that the negative
regulation of metabolic gene expression in the
liver by in ovo stimulation shows features of
epigenetic control. This fact is largely supported
by the available literature, as the process of DNA
methylation has been shown to be modulated by
environmental factors such as bioactive substances
and their effects on the gut microbiota (Zhang,
2015; Ansari et al., 2020).

The objective of this study was to analyse
changes in gene expression and methylation profiles
in the liver under the influence of confirmed in ovo
stimulation with bioactive substances of the intes-
tinal microbiota in a line of broiler chickens and
a Polish native breed.

Material and methods

Selection of gene panel for transcriptomic
and epigenetic analysis

A panel of five genes was selected based on
microarray data (Chicken Gene 1.1 ST Array Strip,
Affymetrix, Santa Clara, CA, USA), as described
by Dunislawska et al. (2020). This dataset contained
broiler chicken transcripts generated from individu-
als that received Lactobacillus synbiotics in ovo on
day 12. The main criteria for gene selection were
strong downregulation of gene expression and sta-
tistical significance (P < 0.05). Two genes (spleen
associated tyrosine kinase — SYK, kelch like family
member 6 — KLHL6 ) were associated with the im-
mune system, while three genes had metabolic func-
tions (cysteine rich angiogenic inducer 61 — CYR61,
nuclear receptor subfamily 4 group A member
3 — NR4A3, angiopoietin like 4 — ANGPTL4).

Experimental design

Six hundred eggs of ROSS 308 broiler chicken
(ROSS broilers) and 600 eggs of Green-legged
Partridge-like native chicken (GP) were incubated
in a commercial hatchery using an automated
incubator in standard conditions. On day 12 of
incubation, the eggs were randomly distributed
into experimental groups (150 eggs per group):
(1) probiotic (PRO) — Lactococcus lactis subsp.
cremoris (IBB PAS, Warsaw, Poland), (2) prebiotic
(PRE) — galactooligosaccharides (GOS) (Bi’tos,
Clasado Biosciences Ltd., Reading, UK), (3)
synbiotic (SYN) — L. lactis subsp. cremoris with
GOS. The determined count of bacteria was
10° bacterial CFU/egg and the amount of prebiotic
was 3.5 mg/egg (dose optimisation described in
Bednarczyk et al., 2016 and Dunislawska et al.,
2017). The control group (C) was mock-injected
with 0.2 mM physiological saline (0.9%). Eggs
were injected into the air chamber with 0.2 ml
of an aqueous solution of each substance. After
hatching, the birds were housed in litter pens
(4 replicates/group, 8 animals each). Feed (prepared
at the experimental station) and water were
delivered manually and were available ad libitum.
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Table 1. Chemical composition of feeds used for Ross broiler chickens (ROSS broilers) and Green-legged Partridge-like native chickens (GP)

ROSS broilers GP
ltems Starter Grower | Grower Il Finisher Starter Grower

(D 1-10) (D 11-21) (D 22-33) (D 34-42) (D 1-28) (D 19-42)
Metabolizable energy, MJ/kg 12.50 12.95 13.35 13.41 11.9 11.7
Crude protein, g/kg 220 200 190 184 200 185
Crude fiber, g/kg 28.00 30.0 31.0 320 34.0 35.0
Lysine, g/kg 13.8 12.5 1.3 10.5 11.0 10.0
Methionine + Cystine, glkg 10.3 9.5 8.8 8.2 8.2 72
Threonine, glkg 9.2 8.3 7.6 7.2 7.6 7.0
Tryptophan, g/kg 2.2 2.0 1.9 1.9 2.1 2.0

The feeding program was applied according to the
requirements of the respective genotype. Table 1
presents the chemical composition of the feed for the
ROSS broilers and Green-legged Partridge-like native
chickens. Eight randomly selected individuals from
each group (PRO, PRE, SYN, and C) were sacrificed
on day 42 post-hatching, and the liver and intestinal
contents (caecum) was collected. The experimental
design is presented in Figure 1.

Figure 1. Experimental setup

Production data (feed consumption, percentage
mortality, body weight) were collected during the
rearing period. Statistical analysis of body weight
was performed using a one-way ANOVA and
Duncan’s post-hoc test (SAS Enterprise Guide 8.2;
SAS Institute Inc., Cary, NC, USA).

Relative abundance of indicator bacteria
The ceacal contents of chickens (n = &/
group) were collected into 5 ml Eppendorf tubes.
Immediately after collection, samples were placed on
dry ice, until transported to the laboratory and stored
at —80 °C. Bacterial DNA was extracted from ceacal
content samples (approximately 150 mg/sample)
using the GeneMATRIX Stool DNA Purification
Kit (EURx, Gdansk, Poland) according to the

manufacturer’s instructions. The extracted DNA was
subjected to qualitative (agarose gel electrophoresis)
and quantitative (Scientific Nanodrop Products,
Wilmington, DE, USA) assessments.

Relative quantification of the total number of
Bifidobacterium spp., Lactobacillus spp., E. coli, and
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Clostridium difficile was carried out by qPCR using
a LightCycler 480 II (Roche-Diagnostics, Basel,
Switzerland). The qPCR reaction mixture contained
Maxima SYBR Green qPCR Master Mix (Thermo
Fisher Scientific, Waltham, MA, USA), 1 uM each
primer specific to 16S rRNA (synthesized by Sigma-
Aldrich, Schnelldorf, Germany) and 20 ng of DNA.
The primer sequences from the literature data are
listed in Table 2.

Table 2. Primer sequences for the identification of bacteria

RNA was subjected to qualitative (agarose gel elec-
trophoresis) and quantitative (NanoDrop spectropho-
tometer, Thermo Fisher Scientific Nanodrop Prod-
ucts, Wilmington, NC, USA) assessments.

Gene expression analysis was performed by
quantitative reverse transcription PCR (RT-qPCR).
cDNA was synthesized using the Maxima First
Strand ¢cDNA Synthesis Kit for RT-qPCR (Thermo
Scientific/Fermentas, Vilnius, Lithuania), according

Bacteria Forward sequence 5—3’ Reverse sequence 5 —3’ Reference

Universal bacteria ACTCCTACGGGAGGCAGCAGT GTATTACCGCGGCTGCTGGCAC Christensen et al., 2014
Bifidobacterium spp. GCGTGCTTAACACATGCAAGTC CACCCGTTTCCAGGAGCTATT Christensen et al., 2014
Lactobacillus spp. AGCAGTAGGGAATCTTCCA CACCGCTACACATGGAG Christensen et al., 2014
Escherichia coli CATGCCGCGTGTATGAAGAA CGGGTAACGTCAATGAGCAAA Huijsdens et al., 2002

Clostridium difficile TTGAGCGATTTACTTCGGTAAAGA

TGTACTGGCTCACCTTTGATATTCA Penders et al., 2005

Each gqPCR reaction was conducted in two
technical replicates. The thermal profile of the gPCR
reaction was as follows: initial denaturation at 95 °C
for 5 min, followed by 40 amplification cycles:
denaturation at 95 °C for 15 s, annealing at 58 °C for
15 s, and elongation at 72 °C for 45 s. Thermocycling
consisted of measuring fluorescence at the end of each
elongation step. After amplification, a melting curve
was generated by gradually increasing the temperature
to 98 °C and measuring the fluorescence of the melting
amplicons. PCR efficiency (E) for each primer pair
was calculated using the LightCycler 480 II software
based on separate reactions of 5 dilutions (1x, 0.5%,
0.25%, 0.125%, and 0.0625%) of the bacterial DNA
template. The relative abundance of the bacteria in
the caecal content was calculated using the following
formula:

( 1+ Euniversal)cq universal /(1 +E

)Cq target
target >

where: E .~ — efficiency of universal bacterial
primers, Cqumvcrargl — quantification cycle for the
universal bacterial primer, E__ — efficiency for the
bacterial target primers and Cqarg  — quantification
cycle for the bacterial target primer (Christensen
et al., 2014). Statistical analysis was performed
using the t-test comparing the test group with the

control group.

Gene expression in liver

RNA isolation from the liver fixed in stabilisation
buffer (fix RNA, EURx, Gdansk, Poland) was carried
out using TRI reagent (MRC, Cincinnati, OH, USA)
and a commercial kit for RNA purification (Universal
RNA Purification Kit, EURx, Gdansk, Poland). Liv-
er (n = 6/each group) was homogenized with a Tis-
sueRuptor homogenizer (Qiagen GmbH, Hilden,
Germany) in TRI reagent and purified on columns.

to the manufacturer’s recommendations. The qPCR
reaction mixture included Maxima SYBR Green
gPCR Master Mix (Thermo Scientific/Fermentas,
Vilnius, Lithuania), 1 uM each primer, and diluted
cDNA (140 ng). Thermal cycling was performed
in a LightCycler II 480 (Roche Diagnostics,
Basel, Switzerland). Each RT-gPCR reaction
was conducted in two technical replicates and
24 biological repeats (n = 6/each group). Sequences
of primers were based on our previous experiment
(Dunislawska et al., 2020; Table 3). Relative gene
expression analysis was conducted separately for
each experimental group using the AACt method
(Livak and Schmittgen, 2001) and actin beta (Sevane
et al, 2014) and glyceraldehyde-3-phosphate
dehydrogenase (De Boever et al., 2008) as reference

Table 3. Primer sequences for RT-gPCR reactions

Gene (Forward/reverse) sequence 5—3' ggfglr ::é/ez
KLHL6 F: ATGGTTTCTGCGTCAACTCC 424762
R: CATCCTGGCTGGGATGCAATA
SYK F: AAGGGACAGCAATGGTTCCT 427272
R: AATTTAACAGACCTGCCAGAGG
ANGPTL4  F: TCCTCGATTCGCGAGTTCTG 769087
R: CAGGGCACTGGGAGCTG
NR4A3 F: GGCATCCCCGGAGTTTCTCTG 420996
R: TTTGACGAGGCCGCTCATT
CYR61 F: ATCGCTCGTTCAGACGCATA 429089
R: TGTCTGGGCTCCGCTAAAAG
ACTB F. CACAGATCATGTTTGAGACCTT Sevane
R: CATCACAATACCAGTGGTACG etal.,, 2014
GAPDH F: GGCACGCCATCACTATC De Boever
R: CCTGCATCTGCCCATTT etal., 2008

KLHL6 - kelch like family member 6, SYK — spleen-associated tyro-
sine kinase, ANGPTL4 — angiopoietin like 4, NR4A3 - nuclear recep-
tor subfamily 4 group A member 3, CYR61 - cysteine rich angiogenic
inducer 61, ACTB - actin beta, GAPDH — glyceraldehyde-3-phosphate
dehydrogenase
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genes. The geometric mean cycle threshold (Ct)
values of the reference genes were used in the
analysis (Vandesompele et al., 2002).

Gene methylation in liver

DNA isolation from liver (n = 6/group) was
carried out based on the phenol-chloroform protocol
for RNA isolation (Maniatis et al., 1982). Tissue
sections were transferred into a 2.0-ml Eppendorf
tubes containing 500 pl of lysis buffer (1 M Tris-
HCl, 0.5 M EDTA, pH 8) and proteinase K.
Tissues were homogenized using a TissueRuptor
homogenizer (Qiagen, GmbH, Hilden, Germany),
and after homogenization, the samples were vortex
and centrifuged (12 000 g, 10 min). The supernatants
were transferred to new tubes. An equal volume of
phenol-chloroform-isoamyl mixture was added to
the supernatants, and then mixed and centrifuged
(13 000 rpm, 10 min, room temperature). The
aqueous phase was transferred to a new tube without
disturbing the protein interphase and centrifuged
again (13 000 rpm, 10 min, 4 °C). The precipitated
DNA was washed with 70% ethanol and allowed to
dry. The dry precipitate was dissolved in TE buffer
overnight at room temperature. DNA was subjected
to qualitative and quantitative assessment.

The isolated DNA was subjected to methylation
analysis using quantitative real-time methylation-
specific polymerase chain reaction (QMSP). Primers
for qMSP reactions were designed within CpG
islands and previously published in Dunislawska
et al. (2020). The conversion was carried out using
the EpiJet Bisulfite Conversion Kit (Thermo Fisher
Scientific, Waltham, MA, USA), according to the
manufacturer’s instructions. In the next step, gPCR
reactions were performed for the selected genesusing
a LightCycler 480 (Roche Diagnostics, Basel,
Switzerland) thermal cycler. The reaction mixture
contained the Maxima SYBR Green qPCR Master
Mix intercalating dye (Thermo Fisher Scientific,
Waltham, MA, USA). The melting temperature was
optimised at 58 °C. After amplification, a melting
curve was generated for each product. The relative
level of DNA methylation [%] was calculated
based on the results of melting curves (fluorescence
level readings) for each individual according to the
following formula (Fackler et al., 2004):

% of methylation = 100 x ( M—+U) ,

where: M — average fluorescence intensity of the
methylated product, U — average fluorescence in-
tensity of the unmethylated product. Statistical
analysis was performed using Student’s t-test (n = 6;
P <0.05).

Results

Production parameters

The analysis of feed consumption did not
show any significant numerical changes between
the groups stimulated with bioactive substances
(P > 0.05) (Table 4). The administration of the
prebiotic in the chicken broiler group resulted in
a slight numerical increase in feed consumption per
individual, while a decrease in feed consumption
per kg of gain. A lower percentage of mortality in
the probiotic group was demonstrated, while in
the prebiotic group, it increased relative to control
(numerically). In GP, synbiotic supplementation
resulted in a higher feed intake (Table 4). A percentage
decrease in mortality in the probiotic group, and an
increase after administration of the prebiotic and
synbiotic was shown.

Table 4. Consumption of compound feed and intake per 1 kg of
chicken weight gain throughout the rearing period (mean + SD) and
percentage mortality

Compound feed
consumption by
one individual, g

ROSS broilers

Compound feed .
consumption per 1 kg lo\//|ortal|ty,
of weight gain, kg 0

Group

C 4673.2 + 118.1 1.50 £ 0.07 4.7
PRO  4832.7 +198.0 1.49 £ 0.04 3.1
PRE  5080.5+131.7 1.55+0.03 1.7
SYN  4949.7£231.0 1.66 £ 0.05 46
GP
C 940.7 £74.2 2101 6.3
PRO 937.5+41.7 21+0.2 0.0
PRE 1059.7 £ 131.7 2303 9.4
SYN 1106.0 £90.9 25+03 9.4

ROSS broilers — Ross broiler chickens, GP — Green-legged Partridge-
like native chickens; C - control, PRO — Lactococcus lactis subsp.
cremoris, PRE — prebiotic galactooligosaccharides (GOS), SYN -
synbiotic — Lactococcus lactis subsp. cremoris with GOS; data are
presented as mean value £ SEM; P > 0.05

Egg stimulation with the probiotic increased
body weight of ROSS broilers from week 1 to 5 in
comparison to the control group (Table 5). No effect
of probiotic and synbiotic stimulation on body
weight was observed in ROSS broilers from week
1 to week 5. At week 6, an increase in body weight
was recorded in the PRE and SYN groups. However,
stimulation with the probiotic and prebiotic
exerted no effect on body weight of GP chicken
in comparison to the control group. Stimulation
with the synbiotic of GP chicken eggs decreased
body weight of these chickens in comparison to the
control and other groups.
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Table 5. Body weight of chickens during the rearing period (mean + SD)

Group Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

ROSS broilers
C 194.3° £ 16.3 522.1° +56.5 990.5> + 93.1 17238*+120.3  2565.9°+ 1658  3129.4° +219.6
PRO 204.92 +17.7 556.22 + 52.2 1049.72 + 95.2 1799.6°+109.5  2702.6° £163.8  3229.7% + 320.7
PRE 195.6° + 23.0 5441+ 73 4 1019.0°+ 135.9  17829®+148.1  2621.4%+ 284.1 327712 £ 325.2
SYN 198.7%+ 18.9 529.0° + 56.5 972.7°+£102.5  17124°+128.1  24926° +1782  2978.5° + 243.7

GP
C 83.20+ 8.8 150.12 £ 21.0 230.42 £ 36.9 325.92+53.8 419.1+£72.0 446.2 £77.7
PRO 834%+ 8.8 154.72 £ 14.4 239.5° +19.6 331.32£29.3 437.4 £39.8 4488 +474
PRE 8522+ 8.0 150.22 + 24.6 23852+ 31.2 314.0°+ 43.6 418.3£79.2 465.3 +571
SYN 81.6°+85 142.2° +17.3 199.8" + 36.8 299.4°+52.3 417.5 + 54 1 419.2 +56.2

ROSS broilers — Ross broiler chickens, GP — Green-legged Partridge-like native chickens; C — control, PRO — Lactococcus lactis subsp. cremoris,
PRE - prebiotic galactooligosaccharides (GOS), SYN — symbiotic, Lactococcus lactis subsp. cremoris with GOS; data are presented as mean

value + SEM; ¢ — means within a column with different superscripts are significantly different at P < 0.05

Relative abundance of indicator bacteria

The results indicated that the highest number of
Bifidobacterium spp. was determined in the caecum,
and GOS showed abifidogenic effect in this segment
(increase from 1.3% to 3.9%). In this experiment,
lower levels of Bifidobacterium spp. were recorded
in both ROSS broilers and GP chickens (mean
for C — 0.005%). However, significant changes
were noted for both genotypes in the SYN group.
In ROSS broilers, there was a reduction (to 0.002%)
in the relative abundance of Bifidobacterium spp.
(Figure 2). In GP chickens, the injected synbiotic
exerted a bifidogenic effect, increasing the amount
of bacteria to 0.02% (Figure 3).

In ROSS broilers, SYN numerically increased
the abundance of Lactobacillus spp. in the caecal
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Bifidobacterium spp.

Relative abundance, %
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Escherichia coli

Relative abundance, %

control probiotic prebiotic synbiotic
Substance

contents from approx. 0.06% to 0.12% (Figure 2).
In GP chickens, a statistically significantly higher
abundance of Lactobacillus spp. bacteria was
found in the group of animals given SYN
compared to C (from about 0.015% to 0.06%)
(Figure 3).

In ROSS broilers and GP chickens, the
highest abundance of E. coli was observed in the
C group (0.005% and 0.09%, respectively). The
lowest abundance of E. coli in ROSS broilers was
determined in animals stimulated in ovo with the
GOS prebiotic (approx. 0.002%) (Figure 2). In GP
chickens, the lowest E. coli titre was determined in
the SYN group (approx. 0.01%) (Figure 3). Native
GP birds showed a higher abundance of E. coli in
each group compared to ROSS broilers.

o
—_
()]

Lactobacillus spp.

o
—
o

0.05

Relative abundance, %

0.00
control probiotic prebiotic synbiotic

Substance

Figure 2. Relative abundance of bacteria in the caecal contents in ROSS 308 broiler chickens (n = 8/group) after in ovo stimulation with control
(saline), probiotic (Lactococcus lactis subsp. cremoris), prebiotic galactooligosaccharides (GOS) and synbiotic (L. lactis subsp. cremoris with

GOS); * - P < 0.05; Clostridium difficile not detected
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Figure 3. Relative abundance of bacteria in the caecal contents in native polish breed — Green-legged Partridge-like chickens (n = 8/group) after

in ovo stimulation with control (saline), probiotic (Lactococcus lactis subsp. cremoris), prebiotic galactooligosaccharides (GOS) and synbiotic
(L. lactis subsp. cremoris with GOS); * — P < 0.05; Clostridium difficile not detected.

Gene expression in liver in GP birds after SYN administration (Figure 4). An

Gene analysis showed a significant decrease inthe  increase in ANGPTL4 expression was also observed
expression of immune-related genes, KLHL6 and SYK, following SYN administration in GP chickens. In
in ROSS chickens, and an increase in their expression — addition, the administration of all analysed substances
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Figure 4. Expression of the KLHL6, SYK, NR4A3, ANGPTL4 and CYR61 genes in liver

X-axis — genetic groups: ROSS and Green-legged Partridge-like (GP); groups: PRO — probiotic, PRE — prebiotic, SYN — symbiotic; KLHL6 — kelch
like family member 6, SYK — spleen associated tyrosine kinase, ANGPTL4 - angiopoietin like 4, NR4A3 — nuclear receptor subfamily 4 group A
member 3, CYR67 - cysteine rich angiogenic inducer 61; Y-axis — percentage of methylation; * — P < 0.05 (n = 6)
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significantly increased the expression of the NR4A3
and CYR61 genes in GP birds. In ROSS chickens,
a decrease or no change in gene expression was
observed after in ovo administration of bioactive
substances.

Gene methylation in liver

There were statistically significant differences
in methylation levels of the KLH6, SYK, NR4A3,
and ANGPTL4 genes after administration of bioac-
tive substances. A statistically significant decrease
was recorded in KLHL6 methylation levels in the
PRO group (50.9%) compared to control (59.1%).
Significant methylation levels in the SYK gene
were as follows: ROSS — 1% in C, 17.4% in PRE;
GL - 9.3% in C, 2% in PRO, and 1.2% in SYN.
A significant increase in NR443 methylation was
observed in ROSS chickens from the SYN group
(51.1%) compared to control (5.5%). ANGPTL4
methylation decreased in ROSS birds (80.1% in C,
61.1% in PRE), while it increased in GP chickens
(69.5% in C, 81.1% in PRE). The results for all ana-
lysed genes are presented in Figure 5.
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Discussion

The main aim of this study was to determine
the impact of various bioactive substances, admin-
istered in ovo on day 12 of egg incubation (in ovo
stimulation) into the air chamber, on changes in the
relative abundance of indicator bacteria in the intes-
tinal contents, and levels of hepatic gene expression
and DNA methylation. These analyses were carried
out to confirm the epigenetic nature of gene expres-
sion associated with early reprogramming of the mi-
crobiota.

Modification of the gut microbiota, as shown in
the literature and in our previous studies, may be an
important environmental signal for epigenetic reg-
ulation of gene expression. Changes in the micro-
biological profile of the intestines were confirmed
by the analysis of indicator bacteria in the caecal
contents. The caecum serves as the main fermenta-
tion chamber with the highest activity and density
of anaerobic bacteria. Our previous experiments
showed that the administration of a synbiotic at an
early stage of embryonic development influenced
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Figure 5. DNA methylation of the KLHL6, SYK, NR3A3, ANGPTL4 and CYR61 genes in liver

X-axis — genetic groups: ROSS and Green-legged Partridge-like (GP); groups: C — control, PRO — probiotic, PRE — prebiotic, SYN — symbiotic;
KLHL6 — kelch like family member 6, SYK — spleen associated tyrosine kinase, ANGPTL4 — angiopoietin like 4, NR4A3 — nuclear receptor
subfamily 4 group A member 3, CYR61 — cysteine rich angiogenic inducer 61; Y-axis — percentage of methylation; * — P < 0.05 (n = 6)
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the growth of Clostridium bacteria, which in turn
significantly affected intestinal health. Moreover,
a lower number of Lactobacillus spp./Enterococcus
spp. was also detected (Dunislawska et al., 2017).
Our subsequent analyses proved that in ovo admin-
istration of the GOS prebiotic reduced the popu-
lation of Lactobacillus spp. in all segments of the
intestine (Slawinska et al., 2019). In the general in-
terpretation of animal nutrition, lactic acid bacteria
are considered beneficial to the host as they lower
the pH by producing lactic and acetic acids. This
change in pH is considered beneficial for the host
organisms, allowing for the control of pathogenic
bacteria.

Early colonization of the intestine is of great
importance for poultry health and productivity.
The chickens’ microbiota develops rapidly in the
first days after hatching; however, in a commercial
broiler production, chickens hatch in a hatchery
without contact with older birds. Delivering bio-
active substances such as pro-, pre- or synbiotics
in ovo is an effective method of early stimulation of
the host microbiome, prior to direct contact of the
newly hatched chicken with microorganisms from
the external environment (Pedroso et al., 2016; Du-
nislawska et al., 2017; Slawinska et al., 2019). The
microbial community in the intestines of 3-day-old
chickens has been shown to be transient and re-
placed by stable microbiota later in life (Choi et al.,
2015). In mature chickens, the caecum is the part
of the gastrointestinal tract (GIT) with the highest
concentration of microorganisms, and its impact
on health and performance has been confirmed
(Oakley and Kogut, 2016; Stanley et al., 2016). The
caecal microbiota plays a key role in metabolising
cellulose, starch and polysaccharides (Clench and
Mathias, 1995). The main groups of bacteria that
make up the caecal microbiota include Firmicutes
and Bacteroidates, as well as Actinobacteria and
Proteobacteria (Wei et al., 2013).

In our study, we analysed the caecal contents
of 42-day-old commercial broiler chickens (ROSS)
and a native polish chicken breed (Green-legged
Partridge-like). In 42-day-old chicks (ROSS and
Green-legged Partridge-like), no significant effect
of in ovo probiotic and prebiotic administration on
the relative abundance of Bifidobacteria spp. was
observed; however, groups stimulated in ovo with
the synbiotic (SYN) demonstrated a statistical dif-
ference (a decrease in the ROSS genotype, and
an increase in the GP genotype) compared to the
C group. Bifidobacteria spp. belong to the phylum
Actinobacteria, which consists of non-spore-form-

ing, non-motile, anaerobic Gram-positive bacteria.
It is assumed that in the early stage of bird devel-
opment, the population of Bifidobacteriaceae in-
creases, which may be an important element of the
maturation of the caecal microflora. Some bacteria,
including Bacteroides fragilis have been shown
to metabolise exopolysaccharides, i.e. carbohy-
drates produced by certain Bifidobacterium strains
(Salazar et al., 2008).

Lactobacillus spp., belonging to the phylum
Firmicutes, are responsible for the fermentation of
carbohydrates. Their metabolites lower the pH and
limit the growth of other bacterial species that may
adversely affect host health (Crhanova et al., 2019).
In the current study, in ovo stimulation had no sta-
tistically significant effect on the relative abundance
of Lactobacillus spp. in the ROSS broiler genotype.
A significant difference in the relative abundance of
Lactobacillus spp. was determined in GP chickens
stimulated in ovo with the prebiotic GOS. In broil-
ers, 40 days of GOS supplementation increased
the abundance of Bifidobacteria and Lactobacilli,
as measured in animal faeces (Jung et al., 2008).
Slawinska et al. (2019) demonstrated that the rela-
tive abundance of Lactobacilllus spp. was the low-
est in the caecal contents compared to the other
parts of the GIT, and the GOS-stimulated group had
a lower Lactobacillus spp. content (0.02%) com-
pared to control animals (0.4%). Here, in ROSS
broilers, SYN numerically increased the abundance
of Lactobacillus spp. in the caecal contents. Poten-
tially, this increase could reduce the abundance of
Bifidobacterium spp. in this group through competi-
tive exclusion.

E. coli mainly inhabited the lower section of
the GIT. In poultry, E. coli (phylum Proteobacte-
ria) colonisation occurs in the first 24 h after hatch-
ing (Ballou et al., 2016). Some of E. coli strains are
commensal, but others have acquired pathogenic
capacity. E. coli can cause colibacillosis in poultry —
a disease associated with perihepatitis, pericarditis,
and airsacculitis (Johnson et al., 2008). Our study
demonstrated a numerical (not statistically con-
firmed) decrease in E. coli abundance in all groups
subjected to in ovo (PRO, PRE, and SYN) stimula-
tion compared to the C group.

The current experiment also quantified the spe-
cific region of the 16S rRNA gene in C. difficile. We
did not detect the presence of C. difficile in the tested
caecal contents in the experimental animals (data
not shown). C. difficile is a Gram-positive anaero-
bic, spore-forming bacteria belonging to the phylum
Firmicutes of the family Clostridiaceae (Rupnik
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et al.,, 2009). There is no evidence of significant
pathogenicity of C. difficile in poultry. These bacte-
ria may be present in the faeces of healthy chickens
and their abundance may depend on age (Skraban
et al., 2013), while in humans C. difficile is a patho-
gen causing severe diarrhoea. Due to the similarity
of C. difficile ribotypes found in human and animal
samples, there are some indications that animal car-
riers (including poultry) are one of the causes of
C. difficile infections in humans (Keessen et al.,
2011). Therefore, it is particularly important to con-
trol the occurrence of C. difficile in broilers as the
main source of meat.

It is believed that the inhibition of the develop-
ment of pathogenic gut microbiota may be medi-
ated by the production of organic acids by resident
lactic acid bacteria (LAB) in the gut (Gibson and
Wang, 1994). In addition, oligosaccharides such
as GOS selectively promote the growth of benefi-
cial bacteria, limiting the excessive development of
unfavourable strains (Shoaf et al., 2006). We found
small differences in the relative abundance of in-
dicator bacteria, including Bifidobacterium spp.,
Lactobacillus spp., E. coli and C. difficile between
the control and the groups subjected to in ovo stimu-
lation on day 12 of egg incubation (PRO, PRE, and
SYN). These results applied to both ROSS broilers
and GP chickens. We assumed that indicator bacteria
selected for the study confirmed the relative stability
of the caecal microbiota, which could result from its
maturity in the analysed birds.

DNA methylation affects gene activity by pro-
viding and activating molecular mechanisms for
biological and disease processes. DNA methyla-
tion contributes to the silencing of gene expression,
which is due to the fact that it changes the chromatin
structure into an inactive and condensed so-called
heterochromatin. A significant portion of methylated
nucleotides serve as a signal for chromatin-building
proteins, ordering the initiation of chromatin conden-
sation processes (Li et al., 2015). As reported in the
literature and in our previous study, DNA methyla-
tion can be modulated by shaping the gut microbiota.

In our study, in ovo stimulation of GP with
the synbiotic resulted in an increase in SYK gene
expression with a simultaneous decrease in its
methylation. SYK plays a role in transmitting
adaptive immune signals. SYK is expressed in
liver parenchymal cells (Torres-Hernandez et al.,
2019). In ROSS chickens, there was an increase
in methylation (hypermethylation) of the NR4A43
gene with a simultaneous decrease in the expres-

sion of this gene in the group stimulated with the
Lactococcus-based synbiotic. These results differ
from the findings described in our previous report
(Dunislawska et al., 2020), where the administra-
tion of the Lactobacillus-based synbiotic reduced
NR4A43 gene methylation (hypomethylation) in
the liver of broiler chickens. In both studies, the
level of methylation correlated with the expres-
sion of the NR4A43 gene. This gene is an activa-
tor of transcription, binding to regulatory elements
in the promoter region. It plays a role in the pro-
cess of fatty acid utilisation, cell differentiation
and apoptosis. It may also be responsible for in-
creased food intake and weight gain. These cases
demonstrate a strong correlation between silencing
the expression of these genes and DNA methyla-
tion. After in ovo stimulation with the synbiotic,
asignificantincrease was observed in the expression
of the ANGPTL4 gene in GP birds. The ANGPTL4
gene is involved in processes related to the lipo-
protein lipase activity, angiogenesis, and triglycer-
ide homeostasis. This gene codes for a protein that
regulates glucose homeostasis, insulin sensitivity
and lipid metabolism. The liver usually produces
ANGPTL4 at a stable level (Dijk and Kersten,
2014). Administration of LAB can reduce the
amount of adipose tissue during increased expres-
sion of the ANGPTL4 gene. Interestingly, meth-
ylation of the ANGPLT4 gene increased after syn-
biotic administration, indicating no correlation
between methylation and expression in GP after
synbiotic administration, and the lack of epigen-
etic gene silencing effect. This mechanism may be
genotype-dependent.

Conclusions

The results demonstrated that alterations in the
methylation of metabolic genes were correlated with
changes in gene expression. It was shown that early
stimulation of the intestinal microbiota in ovo with
bioactive substances influenced the microbiologi-
cal profile of the intestines in adults. Further high-
throughput analyses are needed to address the issue
of gut microbiota programming and its epigenetic
effects. Based on these results, it can be concluded
that the body responds with changes in gene expres-
sion and methylation levels in the liver to alterations
in the profile of the gut microbiota. These analyses
represent the next step in confirming the epigenetic
nature of gene expression associated with in ovo
programming of the gut microbiota.
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