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a b s t r a c t

This study was designed to study the effect of diet supplementation with an organic acids-based
formulation (OABF) on luminal- and mucosa-associated bacteria, concentration of volatile fatty acids
(VFA), microbial glycolytic enzyme activity and expression of mucin 2 (MUC2), immunoglobulin A (IgA)
and tight junction protein, i.e., zonula occludens-1 (ZO1), zonula occludens-2 (ZO2), claudin-1 (CLDN1),
claudin-5 (CLDN5) and occludin (OCLN), genes at the ileal and cecal level. A 2 � 2 factorial designwas used
having OABF inclusion and avilamycin as main factors. Subsequently, 544 day-old male Cobb broilers were
allocated in the following 4 treatments, each with 8 replicates: no additions (CON), 1 g OABF/kg diet (OA),
2.5 mg avilamycin/kg diet (AV) and combination of OA and AV (OAAV). The trial lasted for 42 days. In the
ileum, OAAV resulted in lower mucosa-associated total bacteria levels (PO � A ¼ 0.028) compared with AV.
In addition, ileal digesta levels of Clostridium perfringens subgroup were decreased by avilamycin
(PA ¼ 0.045). Inclusion of OABF stimulated the activity of microbial glycolytic enzymes, whereas avila-
mycin resulted in lower acetate (PA ¼ 0.021) and higher butyrate (PA ¼ 0.010) molar ratios. Expression of
ZO1 and CLDN5 was down-regulated by both OABF (PO ¼ 0.016 and PO ¼ 0.003, respectively) and avila-
mycin (PA ¼ 0.016 and PA ¼ 0.001, respectively). In addition, CLDN1 was down-regulated in AV compared
with CON (PO � A ¼ 0.012). Furthermore, OABF down-regulated MUC2 (PO ¼ 0.027), whereas avilamycin
down-regulated nuclear factor kappa B subunit 1 (NFKB1) (PA ¼ 0.024), toll-like receptor 2 family member
B (TLR2B) (PA ¼ 0.011) and toll-like receptor 4 (TLR4) (PA ¼ 0.014) expression. In the ceca, OABF inclusion
increased digesta levels of Clostridium coccoides (PO ¼ 0.018) and Clostridium leptum (PO ¼ 0.040) sub-
groups, while it up-regulated MUC2 expression (PO ¼ 0.014). Avilamycin (PA ¼ 0.044) and interaction
(PO � A < 0.001) effects for IgA expression were noted, with CON having higher IgA expression compared
with AV. In conclusion, new findings regarding OABF inclusion effects on an array of relevant biomarkers
for broiler gut ecology have been reported and discussed in parallel with avilamycin effects used as a
positive control. This new knowledge is expected to provide a response baseline for follow up trials under
various stress and challenge conditions.
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1. Introduction

Optimization of animal performance is the main goal of modern
farming. Until 2006, the use of antibiotic growth promoters (AGP)
in the European Union was a key element for improving animal
production. Since then, worldwide scientific research has been
exploring equally effective alternatives that will maintain animal
health, improve animal performance and have no negative impact
on animal welfare and consumer health (Shanmugavelu et al.,
2006; Goodarzi Boroojeni et al., 2014).

However, the missing knowledge about the exact mechanism of
how AGP enhance animal growth (Niewold, 2007) in combination
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with the largely unknown complexity of the gastrointestinal
ecosystem, makes the development of effective alternatives not
straightforward. The ongoing elucidation of the extensive in-
teractions between the poultry host and its gut microbiome such as
exchange of nutrients, modulation of host gut morphology, physi-
ology and immunity is required in order to develop future powerful
dietary strategies (Choct 2009; Pan and Yu, 2014).

So far, among various substances being researched for their ef-
fects on broiler nutrition, organic acids- based formulations (OABF)
have received significant attention (Huyghebaert et al., 2011).
Organic acids have long being utilized in the food industry due to
their direct and indirect antimicrobial activity (Van Immerseel
et al., 2006; Mani-Lopez et al., 2012). Dietary inclusion of an
OABF in poultry feed has been shown to modulate gut luminal
microbiota composition (Nava et al., 2009; Czerwi�nski et al., 2010,
2012; Sun et al., 2013). The incorporation of OABF in broiler feed
has been shown to exhibit a positive response in performance
(Garcia et al., 2007; Abdel-Fattah et al., 2008; Chowdhury et al.,
2009; Samanta et al., 2010; Palamidi et al., 2016), but the exact
mechanism behind their growth promoting ability has not been
fully elucidated. In addition, direct comparisons of OABF effects as
alternatives to AGP are scarce.

From our previous research, it has been shown that inclusion of
an OABF consisting of selected organic acids (i.e., formic, propionic
and acetic acid) and their salts affected broiler growth perfor-
mance, nutrient digestibility and energy retention in a beneficial
way (Palamidi et al., 2016). The aim of this work was to generate
new knowledge on OABF inclusion effects that could further sup-
port zootechnical performance findings by focusing in the study of
key gut ecosystem elements. In particular, the study aimed to
determine changes in luminal- and mucosa associated bacterial
groups, concentration of volatile fatty acids (VFA), activity of mi-
crobial glycolytic enzymes and gene expression of several gut
barrier and health biomarkers at ileal and cecal level.

2. Materials and methods

2.1. Birds and experimental treatments

This study forms part of our previous research work (Palamidi
et al., 2016) and in order to avoid excessive repetition, a brief
description of the experimental treatments is given below. A total
of 544 day-old male Cobb broilers vaccinated for Marek's disease,
infectious bronchitis and Newcastle disease were acquired from a
local hatchery. Birds were arranged according to a 2 � 2 factorial
design in 4 treatments, with 8 (n¼ 8) replicate pens of 17 chicks per
treatment for a 42-d study. All experimental treatments received a
corn-soybean basal diet formulated for starter (1 to 14 d), grower
(15 to 28 d) and finisher (29 to 42 d) growth periods. The calculated
chemical composition per kg of basal diets were: starter (AMEn
12.5 MJ; crude protein 210 g; lysine 12 g; calcium 10 g and available
phosphorus 5 g), grower (AMEn 12.9 MJ; crude protein 190 g; lysine
11 g; calcium 9.6 g and available phosphorus 4.8 g) and finisher
(AMEn 13.3 MJ; crude protein 180 g; lysine 10.5 g; calcium 9 g and
available phosphorus 4.5 g). Depending on the addition of OABF
and/or avilamycin used as a model AGP, experimental treatments
were classified as: no additions (CON), 1 g OABF/kg diet (OA), avi-
lamycin 2.5 mg active components/kg diet (AV) and combination of
OA þ AV (OAAV). There was a coccidiostat addition in the starter
and grower basal diets. Diets and water availability were ad libitum
for the whole experiment. The OABF (Biotronic Top3, Biomin
GmbH, Herzogenburg, Austria) consisted of selected organic acids
(i.e., formic, propionic and acetic acid) and their salts at 394 g/kg,
flavoring components (i.e., cinnamaldehyde and a permeabilizing
substance) and carrier.
Birds were reared in an experimental facility designed for
broilers and constructed according to the international standards
for sterile rooms ISO 14644-1 and F.S. 290E (ClimaThermica Ltd,
Athens, Greece) fitted with airlock doors and absolute air filters
in all air inlets and outlets. After the trial, all birds were
euthanized and incinerated. The experimental protocol was in
accordance with the current European Union Directive on the
protection of animals used for scientific purposes (EC 43/2007;
EU 63/2010) and was approved by the relevant national
authority.
2.2. Sampling and processing

At the end (42 d) of the experiment, 8 birds per treatment (i.e.,
one bird/cage) were randomly selected and euthanized, then
dissected and relevant samples taken. In particular, broilers were
opened, under aseptic conditions and the whole ileum and the 2
ceca were removed. All samples were immediately snap-frozen in
liquid nitrogen followed by storage in �80 �C until further analysis.
2.2.1. Sample preparation for microbiological analysis
For the determination of luminal- and mucosa-associated

microbiota composition and metabolic activity (i.e., VFA and
glycolytic enzymes), a 15-cm segment of broiler ileum and one of
the ceca were used.

Ileal and cecal segments were thawed on ice and opened longi-
tudinally. Firstly, digesta content was removed carefully and then in
order to remove remaining digesta and bacteria not attached to the
gut mucosa, each gut segment was washed 3 times in ice cold saline
by gentle agitation. Subsequently, mucosa attached bacteria were
removed from the gut mucosa following a protocol of 3 � 1 min
vigorous hand shakingwashes (15mL) in saline containing 0.1% (wt/
wt) Tween 80, according to Li et al. (2003). Finally, the washes were
pooled and centrifuged at 10,000� g for 30min at 4 �C to precipitate
cells (cell pellet).
2.2.2. Sample preparation for gene expression studies
For the relative expression of mucin 2 (MUC2), immuno-

globulin A (IgA), zonula occludens-1 (ZO1), zonula occludens-2
(ZO2), claudin-1 (CLDN1), claudin-5 (CLDN5), occludin (OCLN),
nuclear factor kappa B subunit 1(NFKB1), toll-like receptor 2
family member B (TLR2B) and toll-like receptor 4 (TLR4), a 10-
cm segment of broiler ileum and the second entire cecum
were used.

Ileal and cecal segments were thawed on ice and opened
longitudinally. Digesta contents were removed carefully and each
gut segment was then washed 3 times in ice cold saline by gentle
agitation. Subsequently, the cleaned gut mucosa was further
washed with ice cold ethylene diamine tetraacetic acid (0.1 mol/L
EDTA, pH 7.2). Finally, mucosal scrapings were cautiously obtained
with the help of a microscope glass slide.
2.3. DNA extraction

Ileal, cecal digesta and cell pellets from ileum and caecum were
used for DNA extraction using a suitable commercial kit (PSP Spin
Stool DNA Kit, Stratec Molecular GmbH, Berlin, Germany). The lysis
protocol was optimised by incorporating an additional 30 min
lysozyme and a 15 min RNase digestion step. For each sample, the
purified DNA was eluted in 200 mL elution buffer and the quality
and quantity of the preparations were determined by spectropho-
tometry (NanoDrop-1000, Thermo Fisher Scientific, Waltham, UK)
and stored at �30 �C.
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2.4. Quantitative real time PCR

To quantify total bacteria (domain bacteria), Lactobacillus spp.,
Escherichia coli, Bifidobacterium spp., Bacteroides spp., Clostridium
perfringens subgroup (Clostridium cluster I), Clostridium leptum
subgroup (Clostridium cluster IV) and Clostridium coccoides sub-
group (Clostridium cluster XIVa), suitable primers were used tar-
geting the 16S rRNA gene (Table 1). Primer specificity was
confirmed using BLAST (NCBI) and PROBE MATCH program (Ribo-
somal Database Project II; Cole et al., 2014).

Real time PCR was performed in microplates with the Applied
Biosystems 7500 Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). Reactions were made at a 15 mL final volume and
consisted of a 7.5 mL 2 � Green Dye master mix (Rovalab GmbH,
Teltow, Germany), forward and reverse primers each at final con-
centration of 300 to 450 nmol/L, 0.75 mL of bovine serum albumin
(20 mg/mL), 0.15 mL passive ROX reference dye (50 nmol/L final
concentration) and 2 mL of DNA template (20 ng sample DNA/reac-
tion). The reactions were incubated at 95 �C for 10 min, followed by
40 cycles of 95 �C for 30 s, primer specific annealing temperature for
60 s, then 72 �C for 60 s. Target amplificationwas followed by a melt
curve analysis to determine the reaction specificity. Each samplewas
measured in duplicates. Depending onwhether the samplewas from
mucosa or luminal digesta, results were expressed as log cells/g
mucosa-associated cell pellet or as log cells/g wet digesta contents,
respectively.

2.5. Bacterial strains and calibration curves

Reference bacterial strains that were used to control the speci-
ficity of the primers and to construct standard curves are shown on
Table 2. Each of the reference strains was cultured on selective
broth under suitable conditions. Bacterial genomic DNA from each
culture was extracted using PSP Spin Stool DNA Kit (Stratec Mo-
lecular GmbH, Berlin, Germany).

For the quantification of bacterial species and groups, a quantifi-
cation method similar to the one described by Joly et al. (2006) was
used. In more detail, an appropriate standard curve using 10-fold se-
rial dilutions of known concentration of genomic DNA was included
on each 96-well plate. The number of genome copies, from each
bacterial species in the initial purified DNA solution used to construct
the standard curves,was calculated byassuming an averagemolecular
mass of 660 Da for 1 bp of double-stranded DNA and using the
following equation:Number of genome copies¼Quantity of DNA (fg)/
Meanmass of the corresponding genome (fg). The number of genome
copies corresponds to an equal amountof bacterial cells. Genome sizes
Table 1
Primers targeting 16S rRNA gene used for determination of luminal- and mucosa-associa

Target group or organism Sequence (50 to 30)

All bacteria
(domain bacteria)

F: ACTCCTACGGGAGGCAGCAG
R: ATTACCGCGGCTGCTGG

Bacteroides spp. F: GAGAGGAAGGTCCCCCAC
R: CGCTACTTGGCTGGTTCAG

Lactobacillus spp. F: GAGGCAGCAGTAGGGAATCTTC
R:GGCCAGTTACTACCTCTATCCTTCTTC

Bifidobacterium spp. F: CGCGTCYGGTGTGAAAG
R: CCCCACATCCAGCATCCA

Escherichia coli F: CATGCCGCGTGTATGAAGAA
R:GGGTAACGTCAATGAGCAAAGG

Clostridium perfringens subgroup
(Clostridium cluster I)

F: TACCHRAGGAGGAAGCCAC
R:GTTCTTCCTAATCTCTACGCAT

Clostridium leptum subgroup
(Clostridium cluster IV)

F: GCACAAGCAGTGGAGT
R: CTTCCTCCGTTTTGTCAA

Clostridium coccoides subgroup
(Clostridium cluster XIVa)

F: ACTCCTACGGGAGGCAGC
R:CTTCTTAGTCAGGTACCGTCAT
for all bacteria species and groups used in this study are presented in
Table 2.

2.6. RNA isolation and reverse transcription to cDNA

Extraction of total RNA from ileal and cecal mucosal scrapings
was performed using Trifast Reagent (PEQLAB Biotechnologie
GmbH, Erlangen, Germany) according to the manufacturer's proto-
col. RNA quantity was determined by spectrophotometry (Nano-
Drop-1000, Thermo Fisher Scientific, Waltham, UK). Prior to cDNA
synthesis, DNAse treatment was applied. Ten mg of RNAwere treated
with 1 U of DNase I (M0303, New England Biolabs Inc., Ipswich, UK)
and 10 mL of DNAse buffer (10 � ) for 1 h at 37 �C. The DNAse was
inactivated by the addition of 1 mL of 0.5 mol/L EDTA at 75 �C for
10 min. RNA integrity was assessed by agarose gel electrophoresis.

For cDNA preparation, 500 ng of total RNA from each sample
were reverse transcribed to cDNA by PrimeScript RT Reagent Kit
(Perfect Real Time, Takara Bio Inc., Shiga, Japan) according to the
manufacturer's recommendations. cDNAs were stored at �20 �C.

2.7. Quantitative polymerase chain reaction (qPCR)

The ileal and cecal mRNA expression of MUC2 and IgA, TLR2 and
TLR4, intestinal tight junctions (CLDN1, CLDN2, CLDN5 and OCLN)
and NFKB1 were detected using quantitative real time PCR
SaCycler-96 (Sacace Biotechnologies Srl) with KAPA SYBR Fast qPCR
Kits (KAPA Biosystems, Wilmington, MA, USA). The primer se-
quences used for real-time PCR are listed in Table 3. Primers not
originating from scientific literature were designed with the Perl-
Primer program v.1.1.19 (Marshall, 2004) using the GenBank se-
quences. Primer specificity and efficiency were determined by
using pooled samples.

Each reaction contained 5 ng RNA equivalents as well as 200 to
300 nmol/L of forward and reverse primers for each gene. The re-
actions were incubated at 95 �C for 3 min, followed by 40 cycles of
95 �C for 5 s, 59 or 60 or 62 �C (depends on the target gene) for 20 s,
72 �C for 33 s. This was followed by a melt curve analysis to
determine the reaction specificity. Each sample was measured in
duplicates. Relative expression ratios of target genes were calcu-
lated according to Pfaffl (2001) using glyceraldehyde 3 phophate
dehydrogenase (GAPDH) as a reference gene.

2.8. Digesta volatile fatty acid concentration

For the determination of ileal or cecal VFA concentration, digesta
were homogenized following a 10-fold dilution (i.e., 10% wt/vol) in
ted microbiota composition by real time PCR.

Annealing temperature, �C Reference

60 Clifford et al., 2012

58 Peinado et al., 2013

60 Delroisse et al., 2008;
Peinado et al., 2013

58 Delroisse et al., 2008;
Peinado et al., 2013

60 Silkie and Nelson, 2009

56 Goodarzi Boroojeni et al., 2014

52 Matsuki et al., 2004

60 Schwiertz et al., 2010



Table 2
Reference strains and genome sizes.

Reference strains Target bacterial group(s) NCBI reference sequence Genome size, Mbp

Escherichia coli ATCC 25922 Escherichia sp. & domain bacteria NZ_CP009072.1 5.13
Bacteroides vulgatus ATCC 8482 Bacteroides spp. NC_009614.1 5.16
Lactobacillus acidophilus ATCC 314 Lactobacillus spp. NC_006814.3 1.99
Bifidobacterium animalis subsp. animalis ATCC 25527 Bifidobacterium spp. NC_017834.1 1.93
Clostridium perfringens ATCC 13124 C. perfringens subgroup

(Clostridium cluster I)
NC_008261.1 3.26

Clostridium leptum DSM 753 C. leptum subgroup (Clostridium cluster IV) NZ_ABCB00000000.2 3.27
Clostridium clostridioforme DSM933 C. coccoides subgroup (Clostridium cluster XIVa) NZ_FOOJ00000000.1 5.47
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sterile ice-cold phosphate buffered saline (0.1mol/L, pH 7.0). Digesta
homogenates were subsequently centrifuged 12,000 � g for
10 min at 4 �C and the resulting supernatants were stored at�80 �C
until their analysis by capillary gas chromatography (GC) using an
Agilent 6890 GC System, equippedwith a 30m� 0.25mm i.d. Nukol
column (Supelco, Sigma-Adrich, St Louis, MO, USA) and a flame
ionisation detector (FID). The analysis was isothermal (185 �C) and
the temperatures of the injector and FID were set at 185 and 200 �C,
respectively, as previously described (Mountzouris et al., 2014).

The VFA determined were acetic, propionic, isobutyric, butyric,
isovaleric, valeric, isohexanoic, hexanoic and heptanoic acids. Re-
sults were expressed as mmol/kg wet digesta for total VFA and as
molar ratios (% of total VFA) for acetic, propionic, butyric, branched
VFA (b-VFA; sum of isobutyric, isovaleric and isohexanoic acids) and
other VFA (o-VFA; sum of valeric, hexanoic and heptanoic acids).
2.9. Digesta activity of microbial glycolytic enzymes

Microbial glycolytic activities of a-glucosidase, b-glucosidase, b-
galactosidase and b-glucuronidase enzymes were determined
through the rate of release of p-nitrophenol (pNP) from the
respective p-nitrophenylglucoside substrates namely a-glucoside
(1 mmol/L), b-glucoside (1 mmol/L), b-galactoside (2 mmol/L) and
b-glucuronide (1 mmol/L) according to Mountzouris et al. (2007).
Briefly, 1 volume of diluted digesta supernatants (see above) in
sterile ice-cold PBS was reacted with 4 volumes (1:4) of the
appropriate p-nitrophenylglucoside substrate prepared in sterile
PBS (0.1mol/L, pH 7.0) that had been pre-equilibrated to the reaction
Table 3
Oligonucleotide primers used for quantitative RT-PCR.

Target Primer sequence (50 to 30) Annealing tem

GAPDH F: GCTGAATGGGAAGCTTACTG
R: AAGGTGGAGGAATGGCTG

60

MUC2 F:TCACCCTGCATGGATACTTGCTCA
R:TGTCCATCTGCCTGAATCACAGGT

62

IgA F:GTCACCGTCACCTGGACTACA
R:ACCGATGGTCTCCTTCACATC

60

ZO1 F:TAAAGCCATTCCTGTAAGCC
R:GTTTCACCTTTCTCTTTGTCC

60

ZO2 F:GTTTCACCTTTCTCTTTGTCC
R:TAAAGCCATTCCTGTAAGCC

60

CLDN1 F:CTGATTGCTTCCAACCAG
R:CAGGTCAAACAGAGGTACAAG

59

CLDN5 F:CATCACTTCTCCTTCGTCAGC
R:GCACAAAGATCTCCCAGGTC

59

OCLN F:TCATCGCCTCCATCGTCTAC
R:TCTTACTGCGCGTCTTCTGG

62

NFKB1 F: TGTGGTTGTCAGGATGGTC
R: GGTCTGGTAAAGGTCATTTCTC

62

TLR2B F:CTTGGAGATCAGAGTTTGGA
R:ATTTGGGAATTTGAGTGCTG

62

TLR4 F: GTCTCTCCTTCCTTACCTGCTGTTC
R:AGGAGGAGAAAGACAGGGTAGGTG

65

GAPDH ¼ glyceraldehyde 3 phophate dehydrogenase; MUC2 ¼mucin 2; IgA ¼ immunog
CLDN5 ¼ claudin-5; CLDN ¼ occludin; NFKB1 ¼ nuclear factor kappa B subunit 1; TLR2B
temperature. The reaction time was 25 min at 37 �C. The reaction
was stopped by the addition of 10 volumes of ice-cold Na2CO3
(1mol/L) and absorbancemeasured at 405 nm. All enzyme activities
were calculated using a standard curve for pNP and were expressed
as mmol of pNP released per minute per digesta soluble protein.

2.10. Statistical analysis

Experimental data on luminal- and mucosa-associated
microbiota, microbial glycolytic enzyme activity, VFA and the
relative quantification of genes of interest were based on individual
broilers. All data were tested for normality using the
KolmogoroveSmirnov test and found to be normally distributed.
Subsequently, data were analyzed with the general linear model
(GLM) e general factorial ANOVA procedure using OABF (No/Yes)
and avilamycin (No/Yes) as fixed factors. Probability values of equal
or less than 0.05 (P � 0.05) were considered significant. Statistical
significant effects were further analyzed and treatment means
were compared using Tukey HSD test using the SPSS for Windows
statistical package program, version 8.0.0 (SPSS, Chicago, IL, USA).

3. Results

3.1. Microbiota composition

3.1.1. Ileum
The inclusion of OABF or avilamycin had no impact (P > 0.05) on

the concentration of total bacteria, Bacteroides spp., Lactobacillus
perature, �C PCR product size, bp GenBank accession No.

216 NM_204305.1

228 NM_001318434.1

192 S40610

243 XM_015278975.1

239 NM_204918.1

140 NM_001013611.2

111 NM_204201.1

240 NM_205128.1

273 NM_205134

238 NM_001161650.1

187 NM_001030693.1

lobulin A; ZO1 ¼ zonula occludens-1; ZO2 ¼ zonula occludens-2; CLDN1 ¼ claudin-1;
¼ toll-like receptor 2 family member B; TLR4 ¼ toll-like receptor 4.



Table 5
Effect of dietary inclusion of an organic acids-based formulation (OABF) and avila-
mycin dietary inclusion on ileal mucosa-associated bacteria (log cells/g mucosa-
associated cell pellet) of 42-day-old broilers.

Item Total
bacteria

Lactobacillus
spp.

Clostridium
coccoides
subgroup

Main effect
OABF 1 No 7.19 5.81 6.09

Yes 7.09 5.75 6.07
Avilamycin2 No 7.14 5.85 6.15

Yes 7.14 5.72 6.00
Treatments3

CON 7.07ab 5.73 5.96
OA 7.22ab 5.96 6.34
OAAV 6.97b 5.54 5.79
AV 7.31a 5.90 6.21
Statistics
SEM4 0.106 0.184 0.233
PO 0.368 0.731 0.931
PA 0.956 0.485 0.525
PO � A 0.028 0.124 0.096

a, b Interaction means within the same column differ significantly (P � 0.05).
1 No: no OABF addition; Yes: addition of 1 g OABF/kg diet.
2 No: no avilamycin addition; Yes: addition of 2.5 mg of avilamycin/kg diet.
3 Interaction means from 8 replicate pens per treatment. Treatments include:

control e no additions (CON), 1 g OABF/kg diet (OA), avilamycin 2.5 mg active
components/kg diet (AV) and combination of OA þ AV (OAAV).

4 Pooled standard error of means.
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spp., E. coli, C. leptum subgroup and C. coccoides subgroup in the
ileal contents (Table 4). However, the concentration of C. perfringens
subgroup in the ileum was significantly decreased (PA ¼ 0.045) by
avilamycin inclusion.

A significant OABF� avilamycin interaction (PO � A ¼ 0.028) was
noted for the concentration of ileal mucosa-associated total bac-
teria. In particular, total bacteria counts were lower in OAAV
compared with AV (Table 5).

3.1.2. Cecum
Inclusion of OABF resulted in significantly increased levels of

C. leptum subgroup and C. coccoides subgroup (PO ¼ 0.018,
PO ¼ 0.040, respectively) in the cecal digesta (Table 6). In contrast,
avilamycin did not affect (P > 0.05) any of the determined micro-
biota components. In addition, cecal mucosa-associated bacterial
populations were not affected (P > 0.05) by OABF or avilamycin
inclusion (Table 7).

3.2. Microbial glycolytic activity

3.2.1. Ileum
The inclusion of OABF resulted in increased activities of a-

glucosidase (PO ¼ 0.028), b-glucosidase (PO ¼ 0.014), a-galactosi-
dase (PO ¼ 0.021) and b-glucuronidase (PO ¼ 0.005) in ileal digesta
(Table 8). Avilamycin inclusion did not affect any of the microbial
glycolytic activities examined.

3.2.2. Caecum
In the cecal digesta, except for b-galactosidase that was signif-

icantly decreased (PA ¼ 0.031) by avilamycin addition, no other
changes regarding the microbial glycolytic activities were seen
(Table 9).

3.3. Volatile fatty acid concentration

3.3.1. Ileum
Total VFA concentration in the ileal digesta was not affected by

OABF or avilamycin addition (Table 10). Regarding the molar ratios
of individual VFA, avilamycin had an effect on acetic acid and
butyric acid. In particular, avilamycin inclusion resulted in a lower
molar ratio of acetic acid (PA ¼ 0.021) and a higher molar ratio of
Table 4
Effect of dietary inclusion of an organic acids-based formulation (OABF) and avilamycin

Item Total
bacteria

Bacteroides
spp.

Lactobacillus
spp.

Main effect
OABF1 No 8.12 5.76 7.43

Yes 8.13 5.92 7.46
Avilamycin2 No 8.11 5.98 7.58

Yes 8.14 5.69 7.30
Treatments3

CON 8.05 5.84 7.47
OA 8.17 6.12 7.70
OAAV 8.09 5.72 7.22
AV 8.19 5.67 7.38
Statistics
SEM4 0.116 0.259 0.242
PO 0.958 0.538 0.894
PA 0.827 0.271 0.258
PO � A 0.363 0.668 0.429

1 No: no OABF addition; Yes: addition of 1 g OABF/kg diet.
2 No: no avilamycin addition; Yes: addition of 2.5 mg of avilamycin/kg diet.
3 Interaction means from 8 replicate pens per treatment. Treatments include: controle

diet (AV) and combination of OA þ AV (OAAV).
4 Pooled standard error of means.
butyric acid (PA ¼ 0.010) compared with the non-avilamycin sup-
plemented treatments.
3.3.2. Caecum
From the VFA determined in the cecal digesta, inclusion of avi-

lamycin significantly increased (PA ¼ 0.043) the molar ratio of o-
VFA (Table 11). There were no other VFA changes by neither OABF
nor avilamycin inclusion.
3.4. Gene expression of intestinal mucosal barrier proteins

3.4.1. Ileum
Gene expression of MUC2, IgA, ZO1, ZO2, CLDN1, CLDN5, OCLN,

NFKB1, TLR2b and TLR4 results are shown in Table 12. Regarding
factor main effects, supplementation with OABF significantly
on ileal digesta microbiota (log cells/g wet digesta content) of 42-day-old broilers.

Escherichia
coli

Clostridium
perfringens
subgroup

Clostridium
leptum
subgroup

Clostridium
coccoides
subgroup

5.90 6.42 5.44 6.71
6.10 6.68 5.48 6.94
6.23 6.88 5.52 6.88
5.77 6.22 5.41 6.77

6.21 6.85 5.45 6.88
6.25 6.90 5.58 6.88
5.95 6.45 5.38 7.00
5.58 5.98 5.44 6.54

0.287 0.314 0.138 0.132
0.491 0.421 0.759 0.095
0.116 0.045 0.440 0.414
0.563 0.509 0.483 0.099

no additions (CON), 1 g OABF/kg diet (OA), avilamycin 2.5 mg active components/kg



Table 6
Effect of dietary inclusion of an organic acids-based formulation (OABF) and avilamycin dietary inclusion on cecal digesta microbiota (log cells/g wet digesta content) of
42-day-old broilers.

Item Total
bacteria

Bacteroides
spp.

Lactobacillus
spp.

Bifidobacterium
spp.

Escherichia
coli

Clostridium
perfringens
subgroup

Clostridium
leptum
subgroup

Clostridium
coccoides
subgroup

Main effect
OABF1 No 10.12 9.52 7.08 5.37 7.13 7.03 9.28 9.25

Yes 10.20 9.61 7.17 5.26 7.16 7.32 9.47 9.40
Avilamycin2 No 10.16 9.57 7.14 5.46 7.02 7.15 9.36 9.32

Yes 10.16 9.56 7.11 5.18 7.28 7.20 9.38 9.33
Treatments 3

CON 10.07 9.47 7.01 5.50 7.03 6.97 9.24 9.18
OA 10.25 9.67 7.27 5.41 7.00 7.32 9.49 9.46
OAAV 10.14 9.55 7.07 5.11 7.32 7.32 9.45 9.34
AV 10.17 9.56 7.15 5.24 7.23 7.08 9.31 9.32
Statistics
SEM4 0.067 0.084 0.244 0.258 0.173 0.197 0.077 0.070
PO 0.270 0.278 0.711 0.654 0.854 0.143 0.018 0.040
PA 0.943 0.875 0.904 0.291 0.147 0.773 0.831 0.886
PO � A 0.127 0.213 0.502 0.940 0.726 0.756 0.437 0.071

1 No: no OABF addition; Yes: addition of 1 g OABF/kg diet.
2 No: no avilamycin addition; Yes: addition of 2.5 mg of avilamycin/kg diet.
3 Interaction means from 8 replicate pens per treatment. Treatments include: control e no additions (CON), 1 g OABF/kg diet (OA), avilamycin 2.5 mg active components/kg

diet (AV) and combination of OA þ AV (OAAV).
4 Pooled standard error of means.
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decreased the expression of MUC2 (PO ¼ 0.027), ZO1 (PO ¼ 0.016)
and CLDN5 (PO ¼ 0.003), whereas avilamycin inclusion significantly
decreased the expression levels of ZO1, CLDN5, OCLN, NFKB1, TLR2B
and TLR4 (PA ¼ 0.016, PA ¼ 0.001, PA ¼ 0.018, PA ¼ 0.024, PA ¼ 0.011
and PA ¼ 0.014, respectively).

In addition, significant OABF � avilamycin interactions were
noted for the expression of ZO1 (PO � A ¼ 0.007), ZO2 (PO �
A ¼ 0.027), CLDN1 (PO � A ¼ 0.012), and CLDN5 (PO � A ¼ 0.036). In
particular, broilers in CON showed the highest ZO1 expression
compared with those in the other 3 treatments. In addition, the
expression of ZO2was higher in CON than in OA and AV, with OAAV
being intermediate. Furthermore, CLDN1 expression was higher in
CON than in AV, whereas OAAV and OA were intermediate. More-
over, OAAV, AV and OA had lower CLDN5 expression than CON.
Table 7
Effect of dietary inclusion of an organic acids-based formulation (OABF) and avilamycin d
cell pellet) of 42-day-old broilers.

item Total bacteria Bacteroides spp. Lactobacill

Main effect
OABF1 No 8.56 7.98 8.02

Yes 8.59 8.00 8.11
Avilamycin2 No 8.52 7.94 7.96

Yes 8.63 8.04 8.16
Treatments 3

CON 8.55 7.95 7.98
OA 8.49 7.92 7.95
OAAV 8.70 8.08 8.27
AV 8.57 8.00 8.05
Statistics
SEM4 0.158 0.169 0.229
PO 0.828 0.902 0.578
PA 0.469 0.545 0.842
PO � A 0.574 0.754 0.699

1 No: no OABF addition; Yes: addition of 1 g OABF/kg diet.
2 No: no avilamycin addition; Yes: addition of 2.5 mg of avilamycin/kg diet.
3 Interaction means from 8 replicate pens per treatment. Treatments include: control e

diet (AV) and combination of OA þ AV (OAAV).
4 Pooled standard error of means.
3.4.2. Cecum
From the genes studied, OABF up-regulated the relative

expression of MUC2 (PO ¼ 0.014), whereas, avilamycin addition
significantly down-regulated (PA ¼ 0.044) IgA (Table 13).

In addition, an OABF � avilamycin interaction was noted for the
relative expression of IgA (PO � A < 0.001). In particular, the highest
IgA expression was noted for broilers of treatment CON and the
lowest for broilers of treatment AV with treatments OA and OAAV
being intermediate.
4. Discussion

It is generally accepted that gut microbiota contributes signifi-
cantly to the intestinal function and thus has significant impact on
ietary inclusion on cecal mucosa-associated bacteria (log cells/g mucosa-associated

us spp. Clostridium leptum subgroup Clostridium coccoides subgroup

8.02 7.76
8.11 7.72
7.96 7.65
8.16 7.82

7.98 7.76
7.95 7.56
8.27 7.88
8.05 7.77

0.161 0.148
0.579 0.787
0.228 0.263
0.435 0.319

no additions (CON), 1 g OABF/kg diet (OA), avilamycin 2.5 mg active components/kg



Table 8
Effect of dietary inclusion of an organic acids-based formulation (OABF) and avilamycin dietary inclusion onmicrobial glycolytic enzyme activity (mmol p-nitrophenol released/
min per g digesta soluble protein) at ileal digesta of 42-day-old broilers.

Item a-glucosidase b-glucosidase a-galactosidase b-galactosidase b-glucuronidase

Main effect
OABF1 No 22.43 16.72 24.55 22.34 17.99

Yes 26.95 21.32 33.61 30.68 24.44
Avilamycin2 No 25.97 19.86 29.54 24.84 21.12

Yes 23.41 18.17 28.62 28.18 21.31
Treatments3

CON 23.41 17.08 24.64 21.24 17.42
OA 28.53 22.64 34.45 28.43 24.81
OAAV 25.37 20.00 32.77 32.93 24.06
AV 21.46 16.35 24.47 23.43 18.55
Statistics
SEM4 1.950 1.754 3.713 4.288 2.124
PO 0.028 0.014 0.021 0.062 0.005
PA 0.201 0.344 0.806 0.442 0.929
PO � A 0.758 0.590 0.841 0.789 0.663

1 No: no OABF addition; Yes: addition of 1 g OABF/kg diet.
2 No: no avilamycin addition; Yes: addition of 2.5 mg of avilamycin/kg diet.
3 Interaction means from 8 replicate pens per treatment. Treatments include: controle no additions (CON), 1 g OABF/kg diet (OA), avilamycin 2.5 mg active components/kg

diet (AV) and combination of OA þ AV (OAAV).
4 Pooled standard error of means.
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the growth and health of chickens (Gong et al., 2007). The vast
majority of gut bacteria resides in the distal intestine, particularly in
the ceca, which are mainly colonized by obligate anaerobes (Oakley
et al., 2014; Asrore et al., 2015).

In this study, real time PCR was used to determine the effect of
dietary inclusion of an OABF and/or avilamycin used as an AGP
model for comparison on selected dominant commensal micro-
biota constituents in broiler ileal and cecal mucosa as well as
luminal digesta. In particular, at the ileal level, treatment OAAV
resulted in lower total mucosal-associated bacterial levels
compared with treatment AV. On the other hand, avilamycin
reduced ileal digesta C. perfringens counts. Moreover, avilamycin is
known to display bactericidal activity against Gram-positive bac-
teria (La-ongkhum et al., 2011) such as C. perfringens (Knarreborg
et al., 2002; Van Immerseel et al., 2004) and therefore its inclu-
sion as a positive control in this study could explain the reduced
ileal digesta counts of C. perfringens. Generally, organic acids have
been shown to possess antimicrobial properties (Van Immerseel
et al., 2006; Mani-Lopez et al., 2012) that may affect ileal lactic
acid bacteria and E. coli (Pirgozliev et al., 2008; Nava et al., 2009;
Table 9
Effect of dietary inclusion of an organic acids-based formulation (OABF) and avilamycin die
min per g digesta soluble protein) at cecal digesta of 42-day-old broilers.

Item a-glucosidase b-glucosidase

Main effect
OABF1 No 58.81 36.08

Yes 59.68 35.83
Avilamycin2 No 63.33 38.89

Yes 55.17 33.03
Treatments3

CON 56.98 34.64
OA 69.67 43.13
OAAV 49.68 28.53
AV 60.65 37.53
Statistics
SEM4 6.700 5.248
PO 0.899 0.962
PA 0.233 0.274
PO � A 0.088 0.107

1 No: no OABF addition; Yes: addition of 1 g OABF/kg diet.
2 No: no avilamycin addition; Yes: addition of 2.5 mg of avilamycin/kg diet.
3 Interaction means from 8 replicate pens per treatment. Treatments include: controle

diet (AV) and combination of OA þ AV (OAAV).
4 Pooled standard error of means.
Hashemi et al., 2012; Sun et al., 2013) and this could partly
explain the reduction in the overall population of ileal mucosa-
associated bacteria in this study.

The limited organic acids effects on ileal microbiota composition
could be associated with the negligible changes on ileal VFA con-
centration andprofile. However, the activities ofmicrobial glycolytic
enzymes determined in ileal digestawere significantly increased by
OABF. This fact may implymetabolic stimulation of ileal microbiota,
for example of a-glucosidase, b-glucosidase and a-galactosidase,
couldpoint to an increasedoverall digestive capacity for starch, non-
starch polysaccharides and dietary a-galactosides (e.g., rafinose and
stachyose), respectively (Mountzouris et al., 2007). The aforemen-
tioned improved digestive capacity could have had a positive effect
on the overall nutrient digestibility, energy salvage and broiler
performance reported by Palamidi et al. (2016).

At the cecal level, OABF and/or avilamycin inclusion had no ef-
fect on the mucosa-associated microbiota constituents examined.
However, cecal digesta C. coccoides subgroup and C. leptum sub-
group levels were significantly increased by dietary OABF inclusion
by 0.15 log and 0.19 log, respectively, compared with that in the
tary inclusion onmicrobial glycolytic enzyme activity (mmol p-nitrophenol released/

a-galactosidase b-galactosidase b-glucuronidase

38.65 86.63 76.92
40.88 66.50 78.38
43.12 99.25 78.17
36.41 53.89 77.13

36.88 112.00 75.36
49.37 86.49 80.97
32.40 46.51 75.78
40.41 61.26 78.48

5.352 19.913 11.878
0.679 0.321 0.903
0.220 0.031 0.931
0.066 0.789 0.729

no additions (CON), 1 g OABF/kg diet (OA), avilamycin 2.5 mg active components/kg



Table 10
Effect of dietary inclusion of an organic acids-based formulation (OABF) and avilamycin dietary inclusion on the volatile fatty acid (VFA) concentration and molar ratios in the
ileal digesta of 42-day-old broilers.

Item Total VFA1, mmol/kg of wet ileal digesta Acetic, % Propionic, % Butyric, % Other VFA2, % Branched VFA3, %

Main effect
OABF4 No 8.17 69.88 3.91 15.23 6.38 4.62

Yes 9.05 73.65 3.62 12.46 5.59 4.68
Avilamycin5 No 8.63 75.63 3.49 11.17 5.74 3.98

Yes 8.59 67.91 4.04 16.52 6.23 5.32
Treatments6

CON 7.79 73.61 3.60 12.34 6.51 3.94
OA 9.48 77.64 3.38 10.00 4.96 4.03
OAAV 8.63 69.66 3.86 14.93 6.23 5.34
AV 8.55 66.15 4.21 18.11 6.24 5.30
Statistics
SEM7 0.800 3.160 0.511 1.940 0.714 0.731
PO 0.280 0.243 0.578 0.166 0.283 0.932
PA 0.957 0.021 0.291 0.010 0.495 0.078
PO � A 0.322 0.936 0.904 0.828 0.291 0.973

1 Total VFA ¼ acetic þ propionic þ butyric þ branched VFA þ other VFA.
2 Οther VFA ¼ valeric þ caproic þ heptanoic.
3 Вranched VFA ¼ isobutyric þ isovaleric þ isocaproic.
4 No: no OABF addition; Yes: addition of 1 g OABF/kg diet.
5 No: no avilamycin addition; Yes: addition of 2.5 mg of avilamycin/kg diet.
6 Interaction means from 8 replicate pens per treatment. Treatments include: control e no additions (CON), 1 g OABF/kg diet (OA), avilamycin 2.5 mg active components/kg

diet (AV) and combination of OA þ AV (OAAV).
7 Pooled standard error of means.
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non-OABF supplemented birds. Effects of organic acids on cecal
microbiota members such as total bacteria and Salmonella have
been also reported by other studies (Hamed and Hassan, 2013;
Fernandez-Rubio et al., 2009). The noted increases in C. coccoides
subgroup and C. leptum subgroup, also known as Clostridium XIVa
and Clostridium IV clusters, although were low, they could be
regarded as important and beneficial for gut health. These clusters
are among the most abundant cecal digesta bacteria (Gong et al.,
2007) including a large number of butyrate producers that are
valuable for gut homeostasis (Lopetuso et al., 2013).

Unlike in the ileum, the changes in cecal microbiota composition
were not associatedwith significant changes inmicrobial metabolic
activity. This could in part be attributed to the highly digestible
Table 11
Effect of dietary inclusion of an organic acids-based formulation (OABF) and avilamycin d
cecal digesta of 42-day-old broilers.

Item Total VFA1, mmol/kg of wet
cecal digesta

Acetic, %

Main effect
OABF4 No 112.44 62.23

Yes 102.36 62.25
Avilamycin5 No 112.41 62.04

Yes 102.39 62.44
Treatments6

CON 110.80 63.03
OA 114.01 61.06
OAAV 90.70 63.44
AV 114.09 61.44
Statistics
SEM7 9.467 1.247
PO 0.296 0.988
PA 0.299 0.755
PO � A 0.171 0.123

1 Total VFA ¼ acetic þ propionic þ butyric þ branched VFA þ other VFA.
2 Οther VFA ¼ valeric þ caproic þ heptanoic.
3 Вranched VFA ¼ isobutyric þ isovaleric þ isocaproic.
4 No: no OABF addition; Yes: addition of 1 g OABF/kg diet.
5 No: no avilamycin addition; Yes: addition of 2.5 mg of avilamycin/kg diet.
6 Interaction means from 8 replicate pens per treatment. Treatments include: control e

diet (AV) and combination of OA þ AV (OAAV).
7 Pooled standard error of means.
diets used in this study, which is in contrast with other studies
where the presence of non-digestible carbohydrates in broiler ceca
yielded differences in VFA profile and concentration (Jozefiak et al.,
2004; Kiarie et al., 2014). As it was expected, the total VFA con-
centration was lower in the ileum than in the ceca since bacterial
fermentation is limited in the small intestine of broilers due to the
short digesta transit time (Rehman et al., 2007).

In the present study, OABF inclusion resulted in downregulation
of expression of genes encoding tight junction proteins (ZO1,
CLDN5) and MUC2 in the ileal mucosa. Furthermore, avilamycin
inclusion used as a positive control in this study also down-
regulated the expression of tight junction proteins (ZO1, CLDN5,
OCLN). Reduced gene expression of tight junction proteins and
ietary inclusion on the volatile fatty acid (VFA) concentration and molar ratios in the

Propionic, % Butyric, % Other VFA2, % Branched VFA3, %

9.28 23.50 2.04 2.94
9.08 23.13 2.32 3.21
9.73 23.08 2.04 3.09
8.64 23.54 2.33 3.06

9.09 22.66 2.03 3.19
10.36 23.50 2.05 3.00
7.80 22.75 2.59 3.43
9.48 24.34 2.06 2.70

0.783 1.870 0.136 0.406
0.800 0.843 0.052 0.513
0.176 0.806 0.043 0.939
0.070 0.522 0.076 0.270

no additions (CON), 1 g OABF/kg diet (OA), avilamycin 2.5 mg active components/kg



Table 12
Effect of dietary inclusion of an organic acids-based formulation (OABF) and avilamycin dietary inclusion on relative mRNA levels of ileal mucosa barrier genes of 42-day-old
broilers.

Item MUC2 IgA ZO1 ZO2 CLDN1 CLDN5 OCLN NFKB1 TLR2B TLR4

Main effect
OABF1 No 1.196 2.925 1.89 1.52 1.32 1.79 1.52 1.23 1.97 2.07

Yes 0.851 3.426 1.00 1.10 1.38 0.83 0.99 1.24 1.47 1.16
Avilamycin2 No 1.019 3.412 1.88 1.42 1.64 1.86 1.60 1.55 2.49 2.25

Yes 1.028 2.938 1.01 1.20 1.05 0.77 0.91 0.92 0.96 0.97
Treatments3

CON 1.049 3.753 2.82a 2.03a 2.06a 2.67a 2.14 1.74 3.06 3.11
OA 0.988 3.072 0.94b 0.81b 1.23ab 1.04b 1.07 1.35 1.92 1.39
OAAV 0.714 3.780 1.07b 1.40ab 1.53ab 0.62b 0.91 1.12 1.02 0.92
AV 1.343 2.096 0.95b 1.02b 0.57b 0.92b 0.90 0.72 0.89 1.02
Statistics
SEM4 0.148 0.770 0.344 0.341 0.334 0.331 0.295 0.262 0.565 0.490
PO 0.027 0.520 0.016 0.228 0.859 0.003 0.169 0.974 0.381 0.073
PA 0.947 0.543 0.016 0.533 0.085 0.001 0.018 0.024 0.011 0.014
PO � A 0.065 0.136 0.007 0.027 0.012 0.036 0.125 0.140 0.272 0.110

MUC2¼mucin 2; IgA¼ immunoglobulin A; ZO1¼ zonula occludens-1; ZO2¼ zonula occludens-2; CLDN1¼ claudin-1; CLDN5¼ claudin-5; CLDN ¼ occludin; NFKB1¼ nuclear
factor kappa B subunit 1; TLR2B ¼ toll-like receptor 2 family member B; TLR4 ¼ toll-like receptor 4.
a, b Interaction means within the same column differ significantly (P � 0.05).

1 No: no OABF addition; Yes: addition of 1 g OABF/kg diet.
2 No: no avilamycin addition; Yes: addition of 2.5 mg of avilamycin/kg diet.
3 Interaction means from 8 replicate pens per treatment. Treatments include: controle no additions (CON), 1 g OABF/kg diet (OA), avilamycin 2.5 mg active components/kg

diet (AV) and combination of OA þ AV (OAAV).
4 Pooled standard error of means.
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MUC2 is usually associated with pathogenic challenge and patho-
logical conditions (Cox et al., 2010; Zhang et al., 2012; Wang et al.,
2014; Antonissen et al., 2015; Chen et al., 2015; Lee et al., 2017) that
are characterized by severe ileal inflammation (Antonissen et al.,
2015; Chen et al., 2015). Generally, the gut is an organ that re-
mains under a physiological state of mild inflammation when
exposed to an array of continuous challenges (O'Hara and
Shanahan, 2006; O'Flaherty et al., 2010). However, in this study
no sign of abnormal inflammation was present in any of the
treatments. The latter could be also supported by the unaffected
ileal mucosa IgA levels. Moreover, the fact that the birds from this
study had improved zootechnical performance and nutrient di-
gestibility (Palamidi et al., 2016) could provide further proof for the
Table 13
Effect of dietary inclusion of an organic acids-based formulation (OABF) and avilamycin d
broilers.

Item MUC2 IgA ZO1 ZO2

Main effect
OABF1 No 0.752 1.069 1.24 1.20

Yes 1.136 0.933 1.32 1.05
Avilamycin2 No 0.974 1.154 1.11 1.09

Yes 0.914 0.848 1.45 1.16
Treatments3

CON 0.696 1.530a 1.12 1.32
OA 1.251 0.778bc 1.10 0.85
OAAV 1.021 1.089b 1.55 1.24
AV 0.807 0.608c 1.35 1.07
Statistics
SEM4 0.146 0.145 0.338 0.222
PO 0.014 0.358 0.795 0.509
PA 0.685 0.044 0.327 0.751
PO � A 0.252 <0.001 0.736 0.161

MUC2¼mucin 2; IgA¼ immunoglobulin A; ZO1¼ zonula occludens-1; ZO2¼ zonula occl
factor kappa B subunit 1; TLR2B ¼ toll-like receptor 2 family member B; TLR4 ¼ toll-like
aec Interaction means within the same column differ significantly (P � 0.05).

1 No: no OABF addition; Yes: addition of 1 g OABF/kg diet.
2 No: no avilamycin addition; Yes: addition of 2.5 mg of avilamycin/kg diet.
3 Interaction means from 8 replicate pens per treatment. Treatments include: controle

diet (AV) and combination of OA þ AV (OAAV).
4 Pooled standard error of means.
absence of abnormal inflammation. The downregulated expression
of tight junction proteins in AV group could be explained by
considering the postulated anti-inflammatory role of avilamycin
and other AGP (Costa et al., 2011; Niewold, 2007) in the absence of
pathogenic challenges as in this study.

Defense against pathogens and maintenance of homeostasis are
dependent on signaling pathways induced by receptors such as
toll-like receptors (TLRs). Toll-like receptors sense the presence of
conserved microbial structures in the environment and instruct the
eukaryotic cells to an adequate response; TLR2 and TLR4 recognize
mainly bacterial cell wall components of Gram-positive and Gram-
negative bacteria, respectively (St Paul et al., 2013). A major
signaling target of the TLRs is activation of the transcription factor
ietary inclusion on relative mRNA levels of cecal mucosa barrier genes of 42-day-old

CLDN1 CLDN5 OCLN NFKB1 TLR2B TLR4

1.29 1.07 1.29 1.11 1.17 1.03
1.22 1.31 1.27 1.48 1.46 1.48
1.23 1.07 1.02 1.28 1.29 1.11
1.27 1.30 1.53 1.31 1.35 1.40

1.32 0.86 1.27 1.34 1.00 0.72
1.14 1.29 0.79 1.21 1.58 1.49
1.29 1.33 1.74 1.74 1.34 1.47
1.26 1.27 1.31 0.87 1.35 1.33

0.319 0.279 0.378 0.322 0.346 0.309
0.813 0.391 0.852 0.259 0.411 0.157
0.883 0.417 0.154 0.931 0.866 0.350
0.745 0.522 0.211 0.130 0.401 0.323

udens-2; CLDN1¼ claudin-1; CLDN5¼ claudin-5; CLDN ¼ occludin; NFKB1¼ nuclear
receptor 4.

no additions (CON), 1 g OABF/kg diet (OA), avilamycin 2.5 mg active components/kg
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NF-kB, a key regulator of immune and inflammatory responses
(Zhang and Ghosh, 2001). Organic acids-based formulation inclu-
sion did not affect ileal mucosa TLR2, TLR4 and NF-kB expression. A
possible explanation for this could be that the OABF inclusion did
not also affect the ileal microbiota. Indeed, it is known that most
commensal bacteria do not activate or limit NF-kB signaling and
that in a healthy gut TLR expression profiles remain low and
contribute to gut homeostasis (O'Hara and Shanahan, 2006; Cario,
2010). On the other hand, avilamycin inclusion reduced ileal mu-
cosa TLR2b, TLR4 and NFKB1 expression. This could be explained by
the avilamycin induced reduction of C. perfringens subgroup levels
shown earlier, and/or to an avilamycin anti-inflammatory effect
(Costa et al., 2011; Niewold, 2007), through a bacteria-independent
inhibition of TLRs.

At cecal level IgA expression was downregulated in treatments
OA, OAAV and AV compared with the control. To the best of our
knowledge there is noother scientific publicationdealingwithOABF
effects on cecal IgA expression. However, it could be the result of an
overall better management of the cecal environment. On the other
hand, cecal MUC2 was upregulated by OABF addition. It is known
that intestinal microbiota can affect mucin turnover by stimulation
of mucin gene expression (Smirnov et al., 2005). Therefore, the
observed upregulation ofMUC2 expression could be linkedwith the
increases in the levels of C. leptum and C. coccoides subgroups.

5. Conclusions

This study has provided additional evidence that diet supple-
mentation with OABF can positively affect cecal microbiota compo-
sition and activity of ileal microbial glycolytic enzymes. The
expressionofgenesassociatedwithgut barrier andhealthwasshown
tobemostlymodulated in the ileumrather than in the ceca. Synergies
of OABF with avilamycinwere shown for ileal tight junction proteins
and cecal IgA gene expression. All the above point to an OABF po-
tential tomanipulate the intestinal environment that shouldhowever
be further assessed under stress challenge conditions.
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Jozefiak D, Rutkowski A, Frątczak M, Boros D. The effect of dietary fibre fractions
from different cereals and microbial enzyme supplementation on performance,
ileal viscosity and short-chain fatty acid concentrations in the caeca of broiler
chickens 2004;13:487e96.

Kiarie E, Romero LF, Ravindran V. Growth performance, nutrient utilization, and
digesta characteristics in broiler chickens fed corn or wheat diets without or
with supplemental xylanase. Poult Sci 2014;93:1186e96.

Knarreborg A, Simon MA, Engberg RM, Jensen BB, Tannock GW. Effects of dietary fat
source and subtherapeutic levels of antibiotic on the bacterial community in
the ileum of broiler chickens at various ages. Appl Environ Microbiol 2002;68:
5918e24.

La-ongkhum O, Pungsungvorn N, Amornthewaphat N, Nitisinprasert S. Effect of the
antibiotic avilamycin on the structure of the microbial community in the jejunal
intestinal tract of broiler chickens. Poult Sci 2011;90:1532e8.

Lee Y, Lee SH, Gadde UD, Oh ST, Lee SJ, Lillehoj HS. Dietary Allium hookeri reduces
inflammatory response and increases expression of intestinal tight junction
proteins in LPS-induced young broiler chicken. Res Vet Sci 2017;112:149e55.

Li M, Gong J, Cottrill M, Yu H, de Lange C, Burton J, et al. Evaluation of QIAamp®
DNA Stool Mini Kit for ecological studies of gut microbiota. J Microbiol Methods
2003;54:13e20.

Lopetuso LR, Scaldaferri F, Petito V, Gasbarrini A. Commensal Clostridia: leading
players in the maintenance of gut homeostasis. Gut Pathog 2013;5. https://
doi.org/10.1186/1757-4749-5-23.

Mani-Lopez E, García HS, L�opez-Malo A. Organic acids as antimicrobials to control
Salmonella in meat and poultry products. Food Res Int 2012;42:713e21.

Marshall OJ. PerlPrimer: cross-platform, graphical primer design for standard,
bisulphite and real-time PCR. Bioinformatics 2004;20:2471e2.

Matsuki T, Watanabe K, Fujimoto J, Takada T, Tanaka R. Use of 16S rRNA gene-
targeted group-specific primers for real-time PCR analysis of predominant
bacteria in human feces. Appl Environ Microbiol 2004;70:7220e8.

Mountzouris KC, Tsirtsikos P, Kalamara E, Nitsch S, Schatzmayr G, Fegeros K. Eval-
uation of the efficacy of a probiotic containing Lactobacillus, Bifidobacterium,
Enterococcus, and Pediococcus strains in promoting broiler performance and
modulating cecal microflora composition and metabolic activities. Poult Sci
2007;86:309e17.

Mountzouris KC, Palamidi I, Tsirtsikos P, Mohnl M, Schatzmayr G, Fegeros K. Effect
of dietary inclusion level of a multi-species probiotic on broiler performance
and two biomarkers of their caecal ecology. Anim Prod Sci 2014;55:484e93.

http://refhub.elsevier.com/S2405-6545(18)30036-2/sref1
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref1
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref1
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref1
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref2
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref2
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref2
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref2
https://doi.org/10.1186/s13099-015-0051-7
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref4
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref4
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref4
https://doi.org/10.3389/fvets.2015.00014
https://doi.org/10.3389/fvets.2015.00014
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref6
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref6
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref7
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref7
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref7
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref7
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref8
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref8
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref8
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref8
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref9
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref9
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref9
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref9
https://doi.org/10.1186/1757-4749-3-14
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref11
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref11
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref11
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref11
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref12
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref12
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref12
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref12
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref12
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref12
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref13
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref13
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref13
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref13
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref13
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref13
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref13
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref14
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref14
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref14
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref14
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref15
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref15
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref15
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref15
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref16
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref16
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref16
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref16
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref17
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref17
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref17
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref17
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref18
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref18
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref18
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref18
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref18
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref18
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref19
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref19
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref19
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref19
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref20
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref20
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref20
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref20
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref20
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref21
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref21
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref21
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref22
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref22
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref22
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref22
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref22
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref23
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref23
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref23
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref23
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref23
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref23
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref24
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref24
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref24
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref24
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref25
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref25
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref25
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref25
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref25
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref26
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref26
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref26
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref26
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref27
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref27
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref27
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref27
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref28
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref28
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref28
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref28
https://doi.org/10.1186/1757-4749-5-23
https://doi.org/10.1186/1757-4749-5-23
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref30
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref30
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref30
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref30
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref31
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref31
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref31
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref32
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref32
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref32
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref32
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref33
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref33
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref33
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref33
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref33
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref33
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref34
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref34
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref34
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref34


I. Palamidi, K.C. Mountzouris / Animal Nutrition 4 (2018) 367e377 377
Nava GM, Attene-Ramos MS, Gaskins HR, Richards JD. Molecular analysis of mi-
crobial community structure in the chicken ileum following organic acid sup-
plementation. Vet Microbiol 2009;137:345e53.

Niewold T. The nonantibiotic anti-inflammatory effect of antimicrobial growth
promoters, the real mode of action? A hypothesis. Poult Sci 2007;86:605e9.

Oakley BB, Buhr RJ, Ritz CW, Kiepper BH, Berrang ME, Seal BS, et al. Successional
changes in the chicken cecal microbiome during 42 days of growth are inde-
pendent of organic acid feed additives. BMC Vet Res 2014;10. https://doi.org/
10.1186/s12917-014-0282-8.

O'Flaherty S, Saulnier DM, Pot B, Versalovic J. How can probiotics and prebiotics
impact mucosal immunity? Gut Microb 2010;1:293e300.

O'Hara AM, Shanahan F. The gutflora as a forgotten organ. EMBO Rep 2006;7:688e93.
Palamidi I, Paraskeuas V, Theodorou G, Breitsma R, Schatzmayr G, Theodoropoulos G,

et al. Effects of dietary acidifier supplementation on broiler growth performance,
digestive and immune function indices. Anim Prod Sci 2016;57:271e81.

Pan D, Yu Z. Intestinal microbiome of poultry and its interaction with host and diet.
Gut Microb 2014;5:108e19.

Pfaffl MW. A new mathematical model for relative quantification in real-time
RTePCR. Nucleic Acids Res 2001;29:e45.

Peinado MJ, Ruiz R, Echavarri A, Aranda-Olmedo I, Rubio LA. Garlic derivative PTS-O
modulates intestinal microbiota composition and improves digestibility in
growing broiler chickens. Anim Feed Sci Technol 2013;181:87e92.

Pirgozliev V, Murphy T, Owens B, George J, McCann M. Fumaric and sorbic acid as
additives in broiler feed. Res Vet Sci 2008;84:387e94.

Rehman HU, Vahjen W, Awad WA, Zentek J. Indigenous bacteria and bacterial
metabolic products in the gastrointestinal tract of broiler chickens. Arch Anim
Nutr 2007;61:319e35.

Samanta S, Haldar S, Ghosh TK. Comparative efficacy of an organic acid blend and
bacitracin methylene disalicylate as growth promoters in broiler chickens: ef-
fects on performance, gut histology, and small intestinal milieu. Vet Med Int
2010;2010. https://doi.org/10.4061/2010/645150.
Shanmugavelu S, Ruzickova G, Zrustova J, Brooker JD. A fermentation assay to
evaluate the effectiveness of antimicrobial agents on gut microflora. J Microbiol
Methods 2006;67:93e101.

Silkie SS, Nelson KL. Concentrations of host-specific and generic fecal markers
measured by quantitative PCR in raw sewage and fresh animal feces. Water Res
2009;43:4860e71.

Smirnov A, Perez R, Amit-Romach E, Sklan D, Uni Z. Mucin dynamics and microbial
populations in chicken small intestine are changed by dietary probiotic and
antibiotic growth promoter supplementation. J Nutr 2005;135:187e92.

St Paul M, Brisbin JT, Abdul-Careem MF, Sharif S. Immunostimulatory properties of
Toll-like receptor ligands in chickens. Vet Immunol Immunopathol 2013;152:
191e9.

Sun H, Tang J, Fang C, Yao X, Wu Y, Wang X, et al. Molecular analysis of intestinal
bacterial microbiota of broiler chickens fed diets containing fermented cot-
tonseed meal. Poult Sci 2013;92:392e401.

Schwiertz A, Taras D, Sch€afer K, Beijer S, Bos NA, Donus C, Hardt PD. Microbiota and
SCFA in lean and overweight healthy subjects. Obesity 2010;18:190e5.

Van Immerseel F, De Buck J, Pasmans F, Huyghebaert G, Haesebrouck F, Ducatelle R.
Clostridium perfringens in poultry: an emerging threat for animal and public
health. Avian Pathol 2004;33:537e49.

Van Immerseel F, Russell J, Flythe M, Gantois I, Timbermont L, Pasmans F, et al. The
use of organic acids to combat Salmonella in poultry: a mechanistic explanation
of the efficacy. Avian Pathol 2006;35:182e8.

Wang X, Shen J, Li S, Zhi L, Yang X, Yao J. Sulfated Astragalus polysaccharide reg-
ulates the inflammatory reaction in LPS-infected broiler chicks. Int J Biol Mac-
romol 2014;69:146e50.

Zhang B, Shao Y, Liu D, Yin P, Guo Y, Yuan J. Zinc prevents Salmonella enterica
serovar Typhimurium-induced loss of intestinal mucosal barrier function in
broiler chickens. Avian Pathol 2012;41:361e7.

Zhang G, Ghosh S. Toll-like receptoremediated NF-kB activation: a phylogenetically
conserved paradigm in innate immunity. J Clin Invest 2001;107:13e9.

http://refhub.elsevier.com/S2405-6545(18)30036-2/sref35
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref35
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref35
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref35
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref36
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref36
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref36
https://doi.org/10.1186/s12917-014-0282-8
https://doi.org/10.1186/s12917-014-0282-8
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref38
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref38
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref38
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref39
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref39
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref40
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref40
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref40
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref40
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref41
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref41
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref41
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref42
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref42
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref42
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref43
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref43
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref43
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref43
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref44
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref44
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref44
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref45
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref45
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref45
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref45
https://doi.org/10.4061/2010/645150
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref47
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref47
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref47
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref47
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref48
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref48
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref48
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref48
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref49
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref49
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref49
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref49
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref50
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref50
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref50
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref50
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref51
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref51
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref51
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref51
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref52
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref52
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref52
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref52
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref53
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref53
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref53
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref53
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref54
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref54
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref54
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref54
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref55
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref55
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref55
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref55
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref56
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref56
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref56
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref56
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref57
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref57
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref57
http://refhub.elsevier.com/S2405-6545(18)30036-2/sref57

	Diet supplementation with an organic acids-based formulation affects gut microbiota and expression of gut barrier genes in  ...
	1. Introduction
	2. Materials and methods
	2.1. Birds and experimental treatments
	2.2. Sampling and processing
	2.2.1. Sample preparation for microbiological analysis
	2.2.2. Sample preparation for gene expression studies

	2.3. DNA extraction
	2.4. Quantitative real time PCR
	2.5. Bacterial strains and calibration curves
	2.6. RNA isolation and reverse transcription to cDNA
	2.7. Quantitative polymerase chain reaction (qPCR)
	2.8. Digesta volatile fatty acid concentration
	2.9. Digesta activity of microbial glycolytic enzymes
	2.10. Statistical analysis

	3. Results
	3.1. Microbiota composition
	3.1.1. Ileum
	3.1.2. Cecum

	3.2. Microbial glycolytic activity
	3.2.1. Ileum
	3.2.2. Caecum

	3.3. Volatile fatty acid concentration
	3.3.1. Ileum
	3.3.2. Caecum

	3.4. Gene expression of intestinal mucosal barrier proteins
	3.4.1. Ileum
	3.4.2. Cecum


	4. Discussion
	5. Conclusions
	Conflicts of interest
	Acknowledgments
	References


