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Controlling enteric diseases of broilers is crucial. Among many additives, organic acids (OA) and their
blends are gaining attention to combat diseases in the post-antibiotic era. The current study evaluated
the potentials of short-chain fatty acids (SCFA) and medium-chain fatty acids (MCFA) blends and/or
phenolic compounds on intestinal integrity, intestinal pH, caecal microbiota, and caecal SCFA profiles of
broilers under necrotic enteritis (NE) challenge. The additives used were: (A) a blend of SCFA, MCFA, and
a phenolic compound (SMP), (B) a blend of free and buffered SCFA with MCFA (SMF), and (C) a blend of
free and buffered SCFA with a high concentration of MCFA (SHM). A total of 1,404 male parental chicks of
Ross 308 broilers were randomly allocated to 78 floor pens on hatching day with 6 treatments replicated
13 times with 18 birds per pen. The treatments were: UCC, unchallenged control; CHC, challenged
control; BAC, challenged group plus zinc bacitracin; SMP, challenged group plus additive SMP; SMF,
challenged group plus additive SMF; SHM, challenged group plus additive SHM. Birds were challenged
with field-strain Eimeria spp. on d 9 and Clostridium perfringens on d 14. Birds challenged with NE
increased fluorescein isothiocyanate dextran (FITC-d) concentration in serum, reduced acetate and
butyrate concentrations, and increased Bacteroides and C. perfringens load in the caeca (P < 0.05). Birds
fed additives decreased FITC-d from gut to serum, reduced Bacteroides (d 16, P < 0.05) and numerically
reduced C. perfringens load compared to CHC group. Birds fed additive SHM had higher concentrations of
acetate and butyrate (d 21, P < 0.05) than CHC group but were not different from SMP and SMF groups.
All the additives exhibited similar intestinal protection against NE compared to the BAC group indicated
by FITC-d concentration in serum, acetate, propionate and butyrate concentrations in the caeca, and
caecal bacterial loads except for the C. perfringens (P > 0.05). The SMP group had a higher load compared
to BAC (P < 0.05). These findings suggest the promising effects of OA blends as alternatives to BAC to
ameliorate the impact of NE challenge of broilers as indicated by improved intestinal health.
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1. Introduction

Necrotic enteritis (NE) is an economically important enteric
bacterial disease primarily caused by Clostridium perfringens along
with one or more predisposing factors (M’Sadeq et al., 2015;
Prescott et al., 2016). The cost impact has been estimated to be US$6
billion per annum to the poultry industry (Wade and Keyburn,
2015). C. perfringens is an anaerobic, Gram-positive, and rod-
shaped bacterium. Whereas it presents in the normal intestinal
flora, the bacteria can become pathogenic with NetB toxin-
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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producing strains causing sub-clinical or clinical forms of NE
(Keyburn et al., 2008; Wu et al., 2010). Necrotic enteritis damages
the intestinal mucosa and epithelial cells (Van Immerseel et al.,
2004a; Palliyeguru and Rose, 2019), leading to intestinal inflam-
mation, lesions, and a disruption of the intestinal microbial com-
munity, and short-chain fatty acid production (Gharib-Naseri et al.,
2019). It impairs tight junction proteins to reduce gut barrier
functions (Latorre et al., 2018) and thus, birds suffering from NE
exhibit impaired intestinal permeability and poor growth perfor-
mance (Awad et al., 2017). For decades, enteric diseases including
NE have been controlled by using antibiotic growth promoters
(AGP). However, due to the development of antibiotic resistance in
bacteria, which is a threat to animal and human health (Seal et al.,
2013), the use of AGP has been restricted or banned in the poultry
industry leading to the re-occurrence of NE (Kaldhusdal et al.,
2016). Thus, alternatives production strategies to control NE and
other diseases have been explored due to the withdrawal of AGP
from animal feed.

Organic acids (OA) have been used in the feed industry for de-
cades to prevent microbial and fungal infection as a potential
alternative source to AGP, particularly in the poultry industry (Adil
et al., 2010; Polycarpo et al., 2017). The OA consists of short-chain
fatty acids (SCFA), medium-chain fatty acids (MCFA) and long-
chain fatty acids (LCFA), and the efficacy of OA largely depend on
chemical composition, form, molecular weight, pKa value, and
targeted pathogen or microorganism control (Patten and
Waldroup, 1988). The mode of action of OA has been suggested
that the lipophilic ability of OA molecules to enter the bacterial cell
membrane and detach themselves in the inner more alkaline part
and the undissociated OA acids reducing the pH in the cytoplasm
and therefore disrupting bacterial metabolism resulted in retarding
bacterial growth and the death of bacteria (Van Immerseel et al.,
2006; Papatsiros et al., 2013). Dietary addition of SCFA may be
able to modulate intestinal microbiota via their bactericidal and
bacteriostatic activities. It regulates the growth and proliferation of
epithelial cells, which resulted in enhanced protection against
diseases and improved bird performance (Corrêa-Oliveira et al.,
2016; Dittoe et al., 2018). On the other hand, dietary supplemen-
tation of MCFA may inhibit the overgrowth of pathogenic bacteria
via their strong antibacterial activity resulted in increased benefi-
cial bacteria, improved digestion and absorption of nutrients, thus
improved growth performance (Zentek et al., 2011; Khan and Iqbal,
2016). Different combinations of SCFA and MCFA have shown to be
efficacious to ameliorate the adverse impact of enteric infection on
intestinal health and reported their synergistic effects (Onrust et al.,
2018; Adhikari et al., 2020; Aljumaah et al., 2020; McKnight et al.,
2020; Sun et al., 2020). However, many studies have shown the
positive effects of OA blends on intestinal health, but the results are
not consistent, thus warrants further investigation.

It was hypothesised that the different combinations of SCFA
with MCFA may promote a healthy microbial community and
protect the intestinal barrier functions of birds under diseased
conditions. The present study was designed to evaluate the efficacy
of blended OA and/or phenolic compounds using intestinal
permeability parameters and caecal microbiota analysis in combi-
nationwith the caecal SCFA production profile of broilers subjected
to NE challenge and to compare their potentials to ameliorate the
impact of NE on intestinal health against an AGP agent.

2. Materials and methods

2.1. Ethics statement

The bird management and handling procedures were applied
according to the guidelines for the use of animals for study
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purposes and approved by the Animal Ethics Committee, University
of New England, Australia (AEC18-057).

2.2. Organic acid blends

The present study aimed to evaluate the potential of 3 types of
commercial feed additives provided by Trouw Nutrition, a Nutreco
company (Selko B.V., Amersfoort, the Netherlands), in broilers un-
der a sub-clinical NE challenge model. The blended additives were:
A) a combination of SCFA, MCFA, target release butyrates, slow-
release lauric acid, and a phenolic compound (SMP; additive con-
sisted of calcium and sodium salt of butyric acid, sorbic acid, pure
distilled coconut/palm fatty acid, acacia, maltodextrin, vegetable oil
from soy, starch from corn, vegetable fat from palm, silicic acid, a
blend of flavouring compounds, and sepiolite); B) a combination of
free and buffered SCFA with MCFA (SMF; additive consisted of
formic acid, acetic acid, propionic acid, ammonium formate, lactic
acid, citric acid, silicic acid, sorbic acid, and coconut/palm kernel
fatty acid); C) a combination of free and buffered SCFA with a high
concentration (3�) of MCFA (SHM; additive consisted of formic
acid, propionic acid, acetic acid, ammonium formate, silicic acid,
sorbic acid, and pure distilled coconut/palm fatty acid).

2.3. Study design, husbandry and diets

A total of 1,404 male parental chicks of Ross 308 broilers were
obtained on hatching day from a commercial hatchery (Aviagen
hatchery, Goulburn NSW, Australia). Upon arrival, chicks were
weighed and allocated to 78-floor pens measuring 0.85 m2 with
wood shavings as bedding materials in a completely randomised
design (CRD). Birds were reared in an environmentally controlled
house with fresh hardwood shavings and ad libitum access to feed
and clean water. The lighting, temperature, and humidity were
maintained following Ross 308 guidelines (Aviagen, 2014).

Six treatments were applied in the study, and each treatment
had 13 replicate pens with each pen housed 18 birds as an exper-
imental unit. The treatments were: UCC, unchallenged control
group, without additives or in-feed zinc bacitracin (BAC); CHC,
challenged control group, without additives or in-feed BAC; BAC,
challenged group supplemented with in-feed BAC at 0.05 g/kg in
starter, grower and finisher phases; SMP, the challenged group
supplemented with additive SMP at concentrations of 1.5, 1.5, 0.5 g/
kg feed in starter, grower and finisher phases, respectively; SMF, the
challenged group supplemented with additive SMF at concentra-
tions of 2.5, 2.0, 1.0 g/kg feed in starter, grower and finisher phases,
respectively; SHM, challenged group supplemented with additive
SHM at concentrations of 2.0, 1.5, 1.0 g/kg feed in starter, grower
and finisher phases, respectively. Wheat and soybean meal-based
diets supplemented with xylanase and phytase were formulated
to meet the nutrient requirements of birds as per Ross 308 rec-
ommendations using the manufacturer's recommended matrix
values for phytase. Prior to the feed formulation, nutrient contents
of feed ingredients were estimated by using near-infrared spec-
troscopy (NIRS) AminoProx (Evonik, Essen, Germany). Diets were
cold pelleted at 65�C to 2.5 mm and crumbled for the starter phase
and fed in 3 different phases following Ross 308 commercial
feeding schemes for broilers; starter phase (d 0 to 10), grower
phase (d 10 to 24), and finisher phase (d 24 to 35). The detail of
dietary composition in each phase is shown in Table 1.

2.4. Necrotic enteritis challenge

The NE challenge model was applied following previously re-
ported challenge procedures (Wu et al., 2014; Rodgers et al., 2015).
On d 9, birds in challenged groups were inoculated with field



Table 1
Composition and nutrient contents of starter, grower and finisher diets (as-fed basis, presented in g/kg unless mentioned otherwise).

Item Starter phase
(d 0 to 10)

Grower phase
(d 10 to 24)

Finisher phase
(d 24 to 35)

Ingredients
Wheat 622 651 679
Soybean meal 323 281 255
Canola oil 21 32 38
Limestone 11 11 10
Dicalcium phosphate (18P/21Ca) 8.7 7.8 6.6
Salt 1.2 1.4 1.4
Sodium bicarbonate 1.5 1.3 1.3
Vitamin premix1 0.9 0.9 0.9
Mineral premix2 1.0 1.0 1.0
Choline chloride (60%) 0.6 0.5 0.4
L-Lysine HCl 3.1 2.4 2.2
D, L-Methionine 2.8 2.1 1.9
L-Threonine 1.0 0.6 0.5
Phytase 0.1 0.1 0.1
Xylanase 0.2 0.2 0.2
Titanium di-oxide (TiO2) e 5.0 e

Calculated nutrients3

AME, kcal/kg 3,025 3,120 3,200
Crude protein 235 217 208
Crude fat 36.0 47.3 53.6
Crude fiber 24.0 22.9 22.3
Digestible Arg 13.5 12.3 11.6
Digestible Lys 12.9 11.3 10.5
Digestible Met 5.9 5.0 4.6
Digestible Met þ Cys 9.4 8.3 7.9
Digestible Trp 2.8 2.6 2.5
Digestible Ile 8.8 8.1 7.7
Digestible Thr 8.2 7.2 6.8
Digestible Val 9.5 8.8 8.4
Calcium 9.0 8.5 8.0
Phosphorus available 4.5 4.3 4.0
Phosphorus total 5.2 4.9 4.6
Sodium 1.6 1.6 1.6
Chloride 1.9 1.8 1.8
Linoleic 18:2 12.8 15.6 17.3
Choline, mg/kg 1,700 1,600 1,500

Analysed nutrients
Dry matter 892 893 895
Gross energy, kcal/kg 3,915 4,004 4,108
Crude protein 236 219 209

AME ¼ apparent metabolisable energy.
1 Vitamin premix provided the following per kilogram diet: vitamin A, 12 MIU; vitamin D, 5 MIU; cyanocobalamin, 0.016 mg; vitamin E, 75mg; vitamin K, 3 mg; folic

acid, 2 mg; riboflavin, 8 mg; nicotinic acid, 55 mg; pantothenic acid, 13 mg; pyridoxine, 5 mg; biotin, 0.25 mg; thiamine, 3 mg; and antioxidant ethoxyquin, 50 mg.
2 Mineral premix provided the following per kilogram diet: Cu (sulfate), 16 mg; Mn (sulfate), 60 mg; Mn (oxide), 60 mg; I (iodide), 0.125 mg; Se (selenite), 0.3 mg; Fe

(sulfate), 40 mg; Zn (oxide and sulfate), 100 mg.
3 Nutrient contents of wheat and soybean meal were measured using near-infrared spectroscopy (NIRS, Evonik AminoProx, Germany).
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strains of Eimeria spp. oocysts in 1 mL dose per os consisting of
Eimeria maxima (5000), Eimeria acervulina (5000), and Eimeria
brunetti (2500) (Eimeria Pty Ltd., Werribee, VIC, Australia). On d 14,
birds in challenged groups were inoculated with approximately
108 CFU/mL of C. perfringens in 1 mL dose per os (EHE-NE18 strain,
CSIRO Livestock, Geelong, VIC, Australia). Simultaneously, birds in
the unchallenged group were given 1 mL per os phosphate-
buffered saline on d 9 and sterile broth on d 14.

2.5. Sample collection, serum FITC-d and gastrointestinal pH
measurements

On d 16 and 21, 2 birds from each pen were randomly selected,
weighed, colour-marked and inoculated with 1 mL per os fluores-
cein isothiocyanate dextran (FITC-d; average molecular weight:
4,000, SigmaeAldrich Co., Missouri, USA) containing 4.17 mg/kg,
approximately 2.5 h before euthanisation. These birds were
returned to the pens where they were originally. The inoculated
birds were stunned by an electric stunner (JF poultry equipment,
Weltevreden Park, South Africa), and blood samples were collected
84
in clot activator Vacutainer tubes from the jugular vein by decap-
itation method. For the FITC-d determination in serum, blood
samples were kept at room temperature for approximately 3 h to
allow clotting, centrifuged at 3,000 � g for 10 min to separate
serum samples from whole blood, and immediately stored in
a �20 �C freezer until the measurements were performed.

Fluorescence concentrations of diluted serum (1:1 in
phosphate-buffered solution) were detected at the excitation
wavelength of 485 nm and an emission wavelength of 528 nm on a
multi-mode microplate reader SpectraMax M2e (Molecular De-
vices, San Jose, USA) and FITC-d concentration per mL of serumwas
calculated based on a standard curve constructed with known
concentration FITC-d.

Caecal contents were collected from the sampled birds on d 16
for bacterial quantification and d 21 for SCFA measurements and
stored in a �20�C freezer for analysis.

Gastrointestinal pH was measured following previously re-
ported procedures (Gharib-Naseri et al., 2019). In brief, immedi-
ately after euthanasia on d 16 and 21, all gastrointestinal sections
were excised from 2 sampled birds per pen. A digital pH meter,
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EcoScan probe (5/6 m, Envirosensors spear tip pH probe, Eutech
Instruments Pte Ltd., 139949, Singapore) was used to measure pH
values by inserting into the frontal crop, gizzard, duodenum,
jejunum, ileum, and caecum sections whereas assuring the probe
were rinsed with purified (Ultra-pure) water between each
measurement.

2.6. Microbiota analysis of caecal contents

The DNA of frozen caecal samples collected on d 16 was
extracted using PowerFecal QIAcube HT Kit (Qiagen, Inc., Hilden,
Germany) with some modifications. Approximately 100 mg of
caecal samples and 300mg of glass beads (0.1mm)were placed in a
2 mL Eppendorf tube. Later, 500 mL pre-warmed PW1 was pipetted
to Eppendorf tubes containing samples and placed into Tissuelyser
II for 5 min at a frequency of 30 times per second to disrupt bac-
terial cells. The samples were incubated at 90�C and incubated for
15 min followed by centrifugation at 20,000 � g for 1 min. An
aliquot of 400 mL supernatant was mixed with 150 ml of Buffer C3.
The mixture was placed into the refrigerator at 4 �C and incubated
for 5 min before centrifuging at 20,000 � g for 1 min. The super-
natant was transferred into a loading block (S-block) containing
20 mL Proteinase K and placed at room temperature, and incubated
for 10 min. Then the extraction was performed using the QIAcube
HT followed by the manufacture's instruction. The quantity and
quality of the resulting DNA samples were determined on a
Nanodrop 8000 spectrophotometer (Nanodrop Technologies, Wil-
mington, DE, USA). DNAwith standard ratios A260/A280 being >1.8
were recognised as of high purity and kept at�20 �C until required.

The caecal bacterial DNA quantification methods described
previously (Wise and Siragusa, 2007; Kheravii et al., 2017) were
used for this study. The stored caecal DNA was thawed and diluted
in nuclease-free water (20 times), and the quantitative real-time
polymerase chain reaction (PCR) of major 8 bacterial groups was
performed to quantify with a real-time PCR system, Rotorgene
6000 (Corbett, Qiagen, Inc., Hilden, Germany). The SYBR-Green
containing Mix (SensiMix SYBR No-Rox, Bioline, Tennessee, USA)
was used for quantitative polymerase chain reaction (qPCR) and the
qPCR was executed in duplicate for each sample. The reaction in an
amount of 10 mL contained 2 mL of diluted caecal DNA, 300 mmol/L
of forward and reverse primers, and 5 mL of 2� SensiMix. The SYBR-
Table 2
The specific 16S rRNA primers applied for quantifying bacteria in caecal contents.

Target group of bacteria Primer sequence (50/30)

Lactobacillus spp. F- CAC CGC TAC ACA TGG AG
R- AGC AGT AGG GAA TCT TCC A

Bifidobacterium spp. F- GCG TCC GCT GTG GGC
R- CTT CTC CGG CAT GGT GTT G

Bacteroides spp. F- GAG AGG AAG GTC CCC CAC
R- CGC TAC TTG GCT GGT TCA G

Bacillus spp. F- GCA ACG AGC GCA ACC CTT GA
R- TCA TCC CCA CCT TCC TCC GGT

Ruminococcus spp. F- GGC GGC YTR CTG GGC TTT
R- CCA GGT GGA TWA CTT ATT GTG TTA A

Enterobacteriaceae F- CAT TGA CGT TAC CCG CAG AAG AAG C
R- CTC TAC GAG ACT CAA GCT TGC

Clostridium perfringens F- ATG CAA GTC GAG CGA KG
R- TAT GCG GTA TTA ATC TYC CTT T
TaqMan Probe-50-FAM-TCA TCA TTC AAC
CAA AGG AGC AAT CC-TAMRA-30

Total bacteria F- CGG YCC AGA CTC CTA CGG G
R- TTA CCG CGG CTG CTG GCA C
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Green containing Mix was used for the genomic DNA copies of
Lactobacillus spp., Bifidobacterium spp., Bacteroides spp., Bacillus
spp., Ruminococcus spp., Enterobacteriaceae, total anaerobic bac-
teria, and SensiFAST Probe SYBR No-ROX (Bioline, Tennessee, USA)
was used for C. perfringens for the Taqman-based assay. The specific
16S rRNA primers applied for quantifying these bacterial groups are
shown in Table 2. The number of target DNA copies was calculated,
and bacteria quantity was expressed as log10 (genomic DNA copy
number)/g digesta.
2.7. SCFA analysis of caecal contents

The caecal SCFA were analysed based on a previously reported
method (Jensen et al., 1995). In brief, approximately 1 g of caecal
content (stored in a �20 �C freezer) was weighed into centrifuge
tubes and placed on ice, and 1mL of internal standard, 0.01methyl-
butyric acid was added. The solution was vortexed and thoroughly
mixed and centrifuged at 15,000 � g for 20 min at 5 �C. Then 1 mL
supernatant of samples was transferred to 8 mL vials with caution.
After that, 0.5 mL of concentrated HCl (36%) and 2.5 mL of diethyl
ether were added to the solution and vortexed, followed by
centrifugation for 15 min at 1,000 � g (at 5�C). After centrifugation,
400 mL supernatant was transferred to 2 mL gas chromatograph
(GC) vials, and then 40 mL N-tert-butyldimethylsilyl-N-methyl tri-
fluoroacetamide was added and mixed. Samples were then vor-
texed gently and placed into the heating block (at 80 �C) for 20min.
The GC vials were tightened appropriately then kept at room
temperature for 48 h prior to analysis on a gas Chromatograph,
Varian CP3400 CX (Varian Analytical Instruments, Palo Alto, CA,
USA). The concentrations of caecal SCFA were expressed as mmol/g
digesta.
2.8. Data analysis

The data were analysed using one-way ANOVA as a completely
randomised design where the pen was considered as a study unit
(n ¼ 78) with SAS 9.3 statistical package (Guide, 2010). The sig-
nificant differences between means were separated by Least Sig-
nificant Difference (LSD) test. The P-value < 0.05 was considered as
statistical significance, where P < 0.10 was declared a tendency.
Annealing
temperature, oC

Reference

63 Rinttil€a et al. (2004)

63 Requena et al. (2002)

63 Layton et al. (2006)

63 Zhang et al. (2015)

63 Ramirez-Farias et al. (2008)

63 Bartosch et al. (2004)

60 Rinttil€a et al. (2004);
Wise and Siragusa (2005)

63 Lee et al. (1996)
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When the tendency was detected, LSD test was used to make
pairwise comparisons.

3. Results

3.1. Performance

The performance results in detail have been reported in a pre-
vious paper (Kumar et al., 2021). Briefly, the birds fed additive SHM
had higher body weight gain (BWG) compared to the CHC and BAC
groups (P< 0.05; d 10 to 24), and all the 3 additive groups had lower
feed conversion ratio (FCR) compared to the CHC group (P < 0.05;
d 0 to 35). The BWG and feed intake (FI) of the UCC group were
significantly higher than all the challenged groups (P < 0.001 for
both; d 0 to 35). The livability of the birds was not different among
the treatment groups (P > 0.05; d 0 to 35).

3.2. Serum FITC-d concentration

The effects of NE challenge and blended additives on serum
FITC-d in broilers are shown in Table 3. One-way ANOVA analysis
indicated that FITC-d concentration in the serum showed signifi-
cant differences in both d 16 and 21 (P < 0.001 and 0.001, respec-
tively). The UCC group had lower serum FITC-d on d 16 and d 21
compared to the CHC group. On d 16, birds fed blended additives
(SMP, SMF and SHM) had a lower concentration of serum FITC-
d compared to the CHC group. On d 16 and 21, birds fed additives
had similar serum FITC-d compared to the BAC group but higher
Table 4
Effect of additives and NE challenge on pH on d 16 and 21.1

Item UCC NE challenged2

CHC BAC SM

Day 16
Crop 4.97 4.72 4.86 5.1
Gizzard 2.69 2.83 2.81 2.7
Duodenum 5.84 5.72 5.73 5.7
Jejunum 5.79 5.60 5.65 5.7
Ileum 5.56a 5.31bc 5.29bc 5.4
Caeca 5.51 5.57 5.52 5.4
Day 21
Crop 4.75 4.85 4.95 4.8
Gizzard 2.57 2.82 2.76 2.8
Duodenum 5.92 5.97 5.92 5.8
Jejunum 6.04 6.05 6.05 6.1
Ileum 5.71 5.77 5.69 5.6
Caeca 5.85b 6.08a 6.14a 6.2

NE ¼ necrotic enteritis.
a e c Values in a row with no common superscripts differ significantly (P < 0.05). Mean

1 UCC, unchallenged control; CHC, challenged control; BAC, zinc bacitracin; SMP, a ble
compound; SMF, a blend of buffered SCFA with MCFA; SHM, a blend of buffered SCFA w

2 NE challenged birds were gavaged with Eimeria spp. at d 9 and C. perfringens at d 14

Table 3
Effect of additives and NE challenge on serum FITC-d (mg/mL) on d 16 and 21.1

Item UCC NE challenged2

CHC BAC SMP

Day 16 0.199c 0.547a 0.487b 0.451b

Day 21 0.127c 0.220a 0.207ab 0.205a

NE ¼ necrotic enteritis; FITC-d ¼ fluorescein isothiocyanate dextran.
a e c Values in a row with no common superscripts differ significantly (P < 0.05). Mean

1 UCC, unchallenged control; CHC, challenged control; BAC, zinc bacitracin; SMP, a ble
compound; SMF, a blend of buffered SCFA with MCFA; SHM, a blend of buffered SCFA w

2 NE challenged birds were gavaged with Eimeria spp. at d 9 and C. perfringens at d 14
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than the UCC group. On d 21, birds fed additive SMF had lower
serum FITC-d compared to the CHC group but not different from
additive SMP and SHM groups.

3.3. Gastrointestinal pH

The effects of NE challenge and blended additives on gastroin-
testinal pH in broilers on d 16 and 21 are presented in Table 4. One-
way ANOVA analysis indicated that ileal pH on d 16 and caecal pH
on d 21 showed significant differences (P ¼ 0.001 and 0.017,
respectively). The UCC group had higher ileal pH on d 16 and lower
caecal pH on d 21 compared to the CHC group. Birds in additive
groups had similar pH measurements in gizzard, duodenum,
jejunum, ileum and caeca on d 16, and crop, gizzard, jejunum,
ileum, and caeca on d 21 compared to CHC and BAC groups. How-
ever, there was a tendency in crop pH on d 16 (P ¼ 0.084) where
additive SMP (5.11) had the highest pH whereas the CHC group had
the lowest pH (4.72). In addition, there was a tendency for lower
gizzard pH on d 21 (P ¼ 0.069) in birds fed additive SHM (5.73)
group compared to UCC (5.92), CHC (5.97), BAC (5.92) and SMF
(5.94) groups.

3.4. Caecal bacterial quantification

The effects of NE challenge and blended additives on caecal
microbiota in broilers on d 16 are shown in Table 5. One-way
ANOVA analysis indicated that the quantification of Bacteroides
spp. (P ¼ 0.013), Ruminocccus spp. (P ¼ 0.025), Enterobacteriaceae
SEM P-value

P SMF SHM

1 4.94 4.89 0.09 0.084
5 2.76 2.76 0.11 0.945
8 5.66 5.75 0.05 0.231
2 5.67 5.63 0.06 0.264
7ab 5.13c 5.31bc 0.07 0.001
7 5.50 5.49 0.08 0.969

7 4.92 4.86 0.09 0.717
6 2.65 2.88 0.11 0.310
5 5.94 5.73 0.06 0.068
2 6.05 5.97 0.04 0.224
9 5.81 5.76 0.07 0.736
1a 6.04ab 6.17a 0.07 0.017

values are based on 2 birds per replicate and 13 replicates per treatment.
nd of short-chain fatty acids (SCFA), medium-chain fatty acids (MCFA) and phenolic
ith a high concentration of MCFA.
.

SEM P-value

SMF SHM

0.455b 0.460b 0.021 <0.001
b 0.187b 0.198ab 0.009 <0.001

values are based on 2 birds per replicate and 13 replicates per treatment.
nd of short-chain fatty acids (SCFA), medium-chain fatty acids (MCFA) and phenolic
ith a high concentration of MCFA.
.



Table 5
Effect of additives and NE challenge on caecal bacterial genomic DNA copies (expressed as log10 copies/g digesta) on d 16.1

Item UCC NE challenged2 SEM P-value

CHC BAC SMP SMF SHM

Lactobacillus spp. 9.31 9.36 9.50 9.82 9.57 9.38 0.12 0.058
Bifidobacteria spp. 8.68 8.66 8.70 8.75 8.52 8.67 0.11 0.741
Bacteroides spp. 5.03b 5.65a 5.05b 5.18b 5.11b 5.08b 0.13 0.013
Bacillus spp. 7.85 7.04 6.94 7.34 7.16 7.02 0.24 0.114
Ruminococcus spp. 9.64a 9.31b 9.23b 9.26b 9.26b 9.24b 0.09 0.025
Enterobacteriaceae 7.36b 8.72a 9.69a 9.52a 9.15a 8.97a 0.35 <0.001
Clostridium pefringens 0.84c 9.31a 5.96b 8.96a 8.48ab 8.04ab 0.61 <0.001
Total bacteria 11.40 11.16 11.21 11.36 11.23 11.12 0.08 0.120

NE ¼ necrotic enteritis.
a e c Values in a row with no common superscripts differ significantly (P < 0.05). Mean values are based on 2 birds per replicate and 7 replicates per treatment.

1 UCC, unchallenged control; CHC, challenged control; BAC, zinc bacitracin; SMP, a blend of short-chain fatty acids (SCFA), medium-chain fatty acids (MCFA) and phenolic
compound; SMF, a blend of buffered SCFA with MCFA; SHM, a blend of buffered SCFA with a high concentration of MCFA.

2 NE challenged birds were gavaged with Eimeria spp. at d 9 and C. perfringens at d 14.
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(P < 0.001) and C. perfringens (P < 0.001) in caecal content were
significantly affected by treatments. The UCC group had lower
Bacteroides spp., Enterobacteriaceae, C. perfringens, and higher
Ruminocccus spp. loads compared to the CHC group. Birds in the
BAC group had lower C. perfringens loads than the CHC group. Birds
fed blended additives (SMP, SMF and SHM) had lower Bacteroides
spp. compared to the CHC group. C. perfringens loads were not
different between bird-fed additives and CHC groups but had a
numeric reduction in all the additive groups. Lactobacillus spp.,
Bifidobacteria spp., Bacteroides spp., Bacillus spp., Ruminococcus
spp., Enterobacteriaceae, and total bacteria loads in caecal content
were not different between birds fed additives and BAC groups. In
addition, C. perfringens loads in birds fed additives SMF and SHM
were not different compared to the BAC group, whereas additive
SMP had significantly higher loads than the BAC group but not
different from SMF and SHM groups. There was a tendency for
Lactobacillus spp. (P ¼ 0.058) to be present at higher loads in birds
fed additive SMP (9.82) group compared to the UCC (9.31), CHC
(9.36) and SHM (9.38) groups.

3.5. Caecal SCFA profiles

The effects of NE challenge and blended additives on caecal SCFA
in broilers on d 21 are shown in Table 6. One-way ANOVA analysis
indicated that acetate (P ¼ 0.017), isobutyrate (P ¼ 0.019) and
butyrate (P ¼ 0.002) concentrations in caecal content showed sig-
nificant differences. The UCC group had higher acetate and buty-
rate, and lower isobutyrate concentrations in caecal content
Table 6
Effect of additives and NE challenge on caecal SCFA profiles on d 21 (mmol/g)1.

Item UCC NE challenged2

CHC BAC SM

Formate 6.12 4.17 3.89 3.6
Acetate 169a 149c 159abc 155
Propionate 4.72 3.66 4.27 4.4
Isobutyrate 1.17c 1.57ab 1.37bc 1.5
Butyrate 51.1a 35.4c 42.8bc 37.
Isovalerate 1.84 2.61 2.59 2.8
Valerate 1.27 1.15 1.13 1.2
Lactate 2.40 2.73 3.05 3.5
Succinate 33.5 37.9 36.2 37.
Total SCFA 272 238 254 247

NE ¼ necrotic enteritis; SCFA ¼ short-chain fatty acids.
a e c Values in a row with no common superscripts differ significantly (P < 0.05). Mean

1 UCC, unchallenged control; CHC, challenged control; BAC, zinc bacitracin; SMP, a ble
compound; SMF, a blend of buffered SCFA with MCFA; SHM, a blend of buffered SCFA w

2 NE challenged birds were gavaged with Eimeria spp. at d 9 and C. perfringens at d 14
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compared to the CHC group. Caecal concentrations of birds fed all
additives were not different in SCFA compared to the BAC group
except for the isobutyrate, wherein birds supplemented with SHM,
isobutyrate concentration was higher compared to the birds sup-
plemented with BAC. Birds fed additive SHM had higher concen-
trations of acetate and butyrate compared to the CHC group but not
different from the UCC group. In addition, caecal SCFA concentra-
tions were not different among the additive groups except for the
butyrate, where additive SHM had a higher concentration than the
additive SMP group. There was a tendency in lactate concentration
(P ¼ 0.076) in caecal content where the additive SMP group (3.50)
had the highest concentration, whereas the UCC group (2.40) had
the lowest concentration. However, there was a tendency in pro-
pionate (P ¼ 0.098) and total SCFA (P ¼ 0.066) concentrations in
caecal content to being higher in the UCC and additive SHM groups
compared to the CHC group.

4. Discussion

Organic acids (OA) and their combinations with proven bene-
ficial impacts on intestinal health have been used as potential al-
ternatives to AGP to control the enteric infection of broilers.
However, in commercial settings, the mechanism of OA to
ameliorate the impact of the enteric disease on intestinal health is
still not very clear. This study evaluated the effects of different
combinations of SCFA with MCFA and/or phenolic compounds on
intestinal permeability, caecal microflora and SCFA, and the po-
tential of these blended additives to modulate the intestinal
SEM P-value

P SMF SHM

7 4.17 6.52 1.22 0.417
bc 154bc 163ab 4 0.017
5 3.82 4.59 0.31 0.098
6ab 1.67ab 1.78a 0.13 0.019
8c 39.3bc 46.9ab 2.90 0.002
8 2.01 2.02 0.74 0.897
4 1.21 1.33 0.10 0.680
0 3.42 3.07 0.29 0.076
3 38.5 37.9 5 0.990

248 267 9 0.066

values are based on 2 birds per replicate and 13 replicates per treatment.
nd of short-chain fatty acids (SCFA), medium-chain fatty acids (MCFA) and phenolic
ith a high concentration of MCFA.
.
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environment were explored under a sub-clinical NE challenge.
Results showed that birds fed blended additives had reduced in-
testinal permeability, reduced pathogenic Bacteroides spp. and
numerically lower C. perfringens loads and had increased concen-
trations of caecal acetate and butyrate compared to the CHC group.
Birds in additive groups also maintained similar gut status to the
BAC group. Moreover, all 3 additives improved the status of intes-
tinal health under the NE challenge condition. These findings
support the hypothesis that dietary supplementation with blended
SCFA in combination with MCFA and/or phenolic compound im-
proves intestinal permeability and helps to promote intestinal
health by altering the intestinal bacterial load and increasing caecal
SCFA concentrations of broilers subjected to NE challenge.

In the current study, the birdswere challenged with Eimeria spp.
and C. perfringens, and a successful sub-clinical NE challenge was
introduced as the typical signs of NE such as impaired FCR, reduced
BWG, FI and digestibility, and mild intestinal lesions with low
mortality were observed in previous work on this experiment
(Kumar et al., 2021). It has beenwell established that birds infected
with NE show reduced BWG, FI and impaired FCR (Timbermont
et al., 2011; M’Sadeq et al., 2015; Gharib-Naseri et al., 2019). The
effects of NE on the intestinal health of broilers, especially micro-
biota and bacterial metabolites, have been reported previously
(Stanley et al., 2014; Wu et al., 2016; Kheravii et al., 2018).
Furthermore, it has been demonstrated that NE infection of birds
increases the permeability of the gut, as evidenced by the increased
concentration of FITC-d in the bloodstream (Latorre et al., 2018).
The results obtained in the present study showed that birds in the
CHC group had increased intestinal permeability, reduced caecal
SCFA concentrations and altered bacterial populations including
increased C. perfringens. This further confirms the introduction of a
successful NE challenge in addition to the performance and lesion
results that have been reported previously (Kumar et al., 2021).

The results obtained in the present study indicate that the
blended SCFA in combination with MCFA has improved intestinal
health under a NE challenge condition. The study observed reduced
pathogenic Bacteroides spp. and numerically reduced C. perfringens
in birds fed additives SMP, SMF, and SHM compared to the chal-
lenged birds without additives or BAC suggesting the bactericidal
and bacteriostatic effects of the blended additives on the gut
against pathogens. Similarly, other studies have shown that diets
supplemented with MCFA exhibited antibacterial effects against
both Gram-positive and Gram-negative bacteria (Zentek et al.,
2011; Onrust et al., 2018). Several studies reported the antibacte-
rial effects of OA against Clostridia (Timbermont et al., 2010;
McKnight et al., 2020; Stefanello et al., 2020) and Salmonella (Van
Immerseel et al., 2004b; Aljumaah et al., 2020). The current study
showed improved intestinal integrity in additive groups compared
to the CHC group that is in accordance with the boosted immunity
responses as observed earlier (Kumar et al., 2021) and the reduced
load of pathogenic bacteria overserved in this study. It has been
shown that diets supplemented with OA are protecting the
epithelial cells from disruption via reduced production of toxic
substances in the intestine, thus reduced mucosal permeability in
the intestine (Adil et al., 2010; Stefanello et al., 2020). Birds fed
blended additives had similar caecal SCFA concentrations to the
antibiotic group. However, birds fed additive SHM had higher
concentrations of acetate, butyrate and tended to have higher
concentrations of propionate, lactate, and total SCFA compared to
the CHC group. A similar observation was reported by Aljumaah
et al. (2020), where birds fed a diet supplemented with OA blend
had higher intestinal isobutyric, butyric, and acetic acid concen-
trations compared to the control diet under the Salmonella chal-
lenged condition. Altogether, the data of the current study suggest
positive effects of blended additives on intestinal health
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contributed to the improved FCR, digestibility, immune response,
and footpad health as reported earlier (Kumar et al., 2021).

The healthy intestinal mucosa is essential for optimumdigestion
and absorption of nutrients and acts as a barrier against pathogenic
bacterial infection (Balda and Matter, 2008; S�anchez de Medina
et al., 2014). Studies have reported that enteric inflammation
damages intestinal mucosa and tight junctions, thus increasing
intestinal permeability (Vicu~na et al., 2015; Barekatain et al., 2019).
In the current study, NE challenged birds had higher serum FITC-
d concentration compared to the UCC group on d 16, indicating
compromised gut integrity by NE. The reduced serum FITC-
d concentrations in birds fed blended additives demonstrate the
beneficial effects of a blend of SCFA with MCFA and/or phenolic
compound on intestinal integrity of the birds challenged with
E. spp. and C. perfringens. Similarly, a recent study reported that the
birds fed OA in combination with essential oils had lower serum
FITC-d with upregulated tight junction proteins of the birds with
NE (Stefanello et al., 2020).

It is widely accepted that the microbiota composition of birds
can be dramatically impacted by enteric infection (Wu et al., 2014;
Clavijo and Florez, 2018; Gharib-Naseri et al., 2019). In turn, intes-
tinal microbiota can largely affect the productive performance and
health of the birds. This study has shown that birds infected with
NE led to increased Bacteroides spp., Enterobacteriaceae and
C. perfringens loads, and reduced Ruminococcus spp. load. Similar
changes have been reported previously where birds infected with
NE had higher C. perfringens and Bacteroides spp., and lower
Ruminococcus spp. in the caeca (Gharib-Naseri et al., 2021). Further,
it has been shown that increased proliferation of Clostridia spp. and
Bacteroides spp. can enhance enteric diseases (Bondarenko et al.,
2003; Loy, 2005). Bacteroides spp. is commensal intestinal flora in
birds that can emerge to be pathogenic to the birds (Wexler, 2007)
and can be increased in the impaired intestine when the birds are
infected with pathogens (Phong et al., 2010). It is likely that the
higher load of Bacteroides spp. is due to the Eimeria colonisation
and/or increased C. perfringens in the birds under challenge in the
current study. These bacteria have shown proteolytic and excessive
immunostimulatory activities that affect the immune response and
disrupt the intestinal health of the hosts (Wells et al., 1996;
Kleessen et al., 2002; Wexler, 2007). Therefore, a reduced load of
Bacteroides spp. by blended additives application revealed the
beneficial effects of blended SCFA in combination with MCFA and/
or phenolic compound against pathogenic bacteria under the
condition in the current study.

It is well known that birds cannot completely metabolise fibrous
carbohydrates in the feed (Bedford, 2002; Choct, 2002). The in-
testinal microbiota plays an important role to ferment undigested
carbohydrates throughout the intestinal tract, primarily in the
caeca due to the high density and diversity of the bacterial pop-
ulations. Such fermentation produces SCFA including acetate, pro-
pionate, and butyrate (Dunkley et al., 2007). Reports have shown
that SCFA i.e. acetate, propionate and butyrate, can promote in-
testinal morphology, tight junction, and immunity status of birds
(Wang et al., 2012; Corrêa-Oliveira et al., 2016). They can also be
used as an energy source, and lead to an increased absorption
surface in the intestine via the improved proliferation of epithelial
cells (Dibner and Richards, 2005; Hijova and Chmelarova, 2007).
Thus, the concentration of SCFA in the caeca might be used as an
intestinal health indicator which signals enriched beneficial bac-
teria in the caeca and acts as a contributor of energy for improved
bird performance (Rehman et al., 2007). In the current study, the
increased concentrations of acetate and butyrate in the SHM fed
birds and the tendency of increased propionate, lactate and total
SCFA in all additive groups revealed the beneficial effects of
blended SCFA in combinationwith MCFA on intestinal homeostasis.
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Such effects have also been reported previously that the OA blend
supplementation in diets increased acetate and butyrate concen-
tration in the caeca (Aljumaah et al., 2020). It can be speculated that
the positive impacts of the fatty acid treatments might be realised,
at least partially, by the increased concentrations of SCFA in the
caeca. In fact, previous studies stated that OA in diets improved
BWG, FCR and health of broilers (Adil et al., 2010), and butyric acid
supplemented to the diets ameliorate the impacts of NE
(Timbermont et al., 2010) and Salmonella infection (Van Immerseel
et al., 2005), and enhanced intestinal barrier function (Wang et al.,
2012) in broilers.

5. Conclusions

Dietary supplementation of different blends of OA and/or
phenolic compounds can alleviate the detrimental impact of NE
challenge on intestinal health through improved intestinal barrier
function, intestinal microbiota, and production of volatile SCFA.
Altogether, these findings illustrate the potential of OA blends to
ameliorate the negative impact of NE when in-feed AGP is
restricted to be used in poultry production.
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