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a b s t r a c t

This study evaluated the effects ofmicro-encapsulated (protected) organic acids (OA) and essential oils (EO)
combination, P(OAþ EO), and effects of a regular blend of free acids (FA) on the growth, immune responses,
intestinal barrier and microbiota of weaned piglets challenged with enterotoxigenic Escherichia coli (ETEC)
F4 (K88þ). A total of 30 crossbred (Duroc � Landrace� Large White) weaned barrows (7.41 ± 0.06 kg, 28 d
old) were assigned randomly to 5 treatments: 1) non-challenged positive control (PC), 2) ETEC F4 (K88þ)-
challenged negative control (NC), 3) NC þ kitasamycin at 50 mg/kg þ olaquindox at 100 mg/kg þ free
acidifier (FA) at 5 g/kg, 4) NCþ kitasamycin at 50 mg/kgþ olaquindox at 100 mg/kgþ P(OAþ EO) at 1 g/kg
(P1), 5) NCþ kitasamycin at 50mg/kgþ olaquindox at 100 mg/kgþ P(OAþ EO) at 2 g/kg (P2). Each dietary
treatment had 6 replicates of one piglet each and the study lasted for 3 wk. On d 7, pigs in NC, FA, P1 and P2
were orally dosed with 10 mL of ETEC F4 (K88þ) culture (1� 109 CFU/mL). From d 7 to 14 after the ETEC F4
(K88þ) challenge, P1 increased gain-to-feed ratio (G:F) significantly (P < 0.05) compared with NC and FA
groups. From d 14 to 21, P2 increased the average daily gain of pigs (P < 0.05) compared with NC and FA
groups. Compared with NC, P2 reduced tumor necrosis factor-a (TNF-a), interleukin (IL)-6 and IL-10 con-
centrations (P < 0.05) in sera collected at 4 h later after ETEC F4 (K88þ) challenge. On d 21, P1 increased
occludin and zonula occludens-1 protein expression in ileum compared with NC (P < 0.05). After this 3-wk
experiment, alpha diversity of gut microbiotawas decreased by P2 compared with PC, and P1 increased the
relative abundance of Lactobacillus in ileum, cecum and colon (P < 0.05). In conclusion, dietary P(OA þ EO)
additive at 2 g/kg combinedwith antibiotics could improve piglet performance and attenuate inflammation,
and P(OA þ EO) additive at 1 g/kg combined with antibiotics improved intestinal barrier and increased
beneficial microbiota composition after an F4 (K88þ) challenge.
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1. Introduction

Enterotoxigenic Escherichia coli (ETEC) F4 (K88þ) is one of the
main factors causing infection, disease and diarrhea inweaned pigs,
and is strongly associated with decreased growth performance and
increased mortality, causing serious damage in production (Bosi
et al., 2004; Fairbrother et al., 2007). It was reported that infec-
tion due to ETEC F4 (K88þ) could release enterotoxins, therefore
stimulate the immune response, impair intestinal barrier function
and increase intestinal permeability (Fossum, 1998; Guttman et al.,
2006; Guignot et al., 2007). A healthy gut environment has an
uction and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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important role in the development and homeostasis of the immune
system and provides a barrier against pathogens (Guarner and
Malagelada, 2003; Clemente et al., 2012). Although antibiotics
were generally used in the diets to treat pathogen infection and
improve gut health, their efficacy was not always optimal in post-
weaning piglets. The lack of effect of antibiotics called for other
solutions as new additives added on top to help to prevent diarrhea
caused by pathogen infection.

Organic acids (OA) have been used in commercial compound
feeds for decades, some OA such as formic, propionic, lactic, citric,
fumaric and sorbic acids are used for feed preservation (Lückstӓdt,
2014). It has been shown that most of OA has a pKa (the pH at
which the acid is half dissociated) between 3 and 5 and possess
antimicrobial activities (Khan and Iqbal, 2015). Our previous study
showed that pigs fedmixedOA increased Lactobacillus concentration
and reduced Escherichia concentration in feces (Li et al., 2019). The
main mode of action of OA is the ability to penetrate bacterial cells
when they are non-dissociated, which could disrupt the normal
physiology of certain types of bacteria (Khan and Iqbal, 2015).
Essential oils (EO), natural bioactive compounds derived fromplants,
were studied recently and considered as an effective additive in
improving animal growth, immune system and modulating intesti-
nal health as well as diarrhea (Yang et al., 2019). The antimicrobial
activity of EO has been extensively tested in vitro against a wide
range of pathogenic bacteria, therefore it could be considered as one
of the alternatives in maintaining the balance of microbiota
(Kalemba and Kunicka, 2003; Ouwehand et al., 2010). The mecha-
nism by which EO exerts the antimicrobial activity appears to be by
participation in the lipid membrane of the bacterial cells and dis-
turbing the structures of pathogens (Burt, 2004; Di Pasqua et al.,
2007), and OA could pass into cells and inhibit essential metabolic
reactions and increase stress on intracellular pH homeostasis (Brul
and Coote, 1999).

Our previous study showed that combined supplementation of
dietary OA and EO improved performance by having different
positive effects on intestinal health and digestive enzymes of
weaned pigs (Xu et al., 2018). However, the effects of a micro-
encapsulated OA and EO combination on growth performance,
immunological parameters, intestinal barrier function and micro-
biota of weaned pigs after an ETEC F4 (K88þ) challenge have rarely
been reported. At the initiation of this trial, it was generally
accepted and a common practice in the local industry to use free OA
in combination with antibiotics. Therefore, in this study, we used a
regular unprotected (free) acidifier product to make a comparison
between the free acids and the micro-encapsulated (protected)
combination of OA and EO. The micro-encapsulated OA and EO
combination in the diet would have a slow and progressive release
in the intestine and we hypothesized that it would enhance in-
testinal health by improving intestinal barrier function and
microbiota, alleviate inflammatory response by reducing pro-
inflammatory cytokines. In the current study, ETEC F4 (K88þ)
challenge was supplemented to establish a model of intestinal
injury as it is one of the most important causes of postweaning
diarrhea in pigs (Daudelin et al., 2011). The aim of the present study
was to investigate in a context similar to the reality of industrial use
of feed additives (including antibiotics) whether micro-
encapsulated (protected) combination of OA and EO has better ef-
ficacy to improve animal growth and attenuate intestinal injury
caused by ETEC F4 (K88þ) challenge compared with free acidifier.

2. Materials and methods

All the procedures used in the animal experiment were
approved by the Institutional Animal Care and Use Committee of
China Agricultural University (Beijing, China).
2.1. Micro-encapsulated organic acids and essential oils

The micro-encapsulated (protected) OA and EO combination,
P(OA þ EO), is a selected formula of OA (fumaric, citric, malic and
sorbic acids) and EO (thymol, vanillin and eugenol) micro-
encapsulated in a matrix of triglycerides from hydrogenated
vegetable oil (Jefo Nutrition Inc., Canada). Free acidifier (FA) is a
regular blend of 35% free acids (lactic acid, citric acid, phosphoric
acid) adsorbed on silicon dioxide.

2.2. Experimental design and diets

A total of 30 crossbred (Duroc� Landrace� LargeWhite) weaned
barrows (initial BW ¼ 7.41 ± 0.06 kg, 28 d old) were housed in indi-
vidual metabolic cages (1.2 m � 0.4 m � 0.5 m) with plastic slatted
flooring throughout theexperiment. Pigswereassigned randomly to1
of 5 treatments. Each dietary treatment had 6 repetitions of one piglet
each. There were 5 treatments: 1) non-challenged positive control
(PC), 2) ETEC F4 (K88þ)-challenged (on d 7) negative control (NC), 3)
NC þ kitasamycin at 50 mg/kg þ olaquindox at 100 mg/kg þ free
acidifier (FA) at 5 g/kg, 4) NCþ kitasamycin at 50mg/kgþ olaquindox
at 100 mg/kg þ P(OA þ EO) at 1 g/kg (P1), 5) NC þ kitasamycin at
50mg/kgþ olaquindox at 100mg/kgþ P(OAþ EO) at 2 g/kg (P2).We
chose the antibiotics kitasamycin and olaquindox as they are
commonly used as a growth promoter for piglets in commercial farms
in China in order to ensure a healthy transition around weaning. A
corn-soybean meal basal diet was formulated to meet the nutrient
requirements of pigs according to NRC (2012) (Table 1). Pigs in the
experimental treatments had free access to feed and water. Temper-
atures were controlled by air conditioners at 25 to 28 �C. The piglets
were in a healthy condition and the living environment was provided
in accordance with animal welfare standards in the whole experi-
mental period. The experimental period lasted for 3 wk.

2.3. Enterotoxigenic ETEC F4 (K88þ) challenge and fecal score

The enterotoxigenic ETEC F4 (K88þ) (serotype O139:K88) was
obtained from the China Institute of Veterinary Drug Control
(Beijing, China), and grown in Luria Broth. The expanded culture of
ETEC F4 (K88þ), approximately 1 � 109 CFU/mL, was further pre-
pared for oral dosing as previously described by Pan et al. (2017). At
08:00 on d 7, pigs in group NC, treatments FA, P1 and P2were orally
dosed with 10 mL of ETEC F4 (K88þ) culture (1 � 109 CFU/mL) to
induce diarrhea as described whereas pigs in group PC were orally
administered with an equal amount of sterile physiological saline.
The diarrhea scores were recorded at 09:00 from d 7 to 14 by a
single operator unaware of the distribution of dietary treatments.
Diarrhea score was monitored according to the previously
described system (Pierce et al., 2005): 1, hard firm feces; 2, slightly
soft feces; 3, soft, partially formed feces; 4, loose, semi-liquid feces
(diarrhea); 5, watery, mucus-like feces (severe diarrhea).

2.4. Sample collection and measurements

The piglet's weight and feed intake were recorded and average
daily gain (ADG), average daily feed intake (ADFI), gain-to-feed
ratio (G:F) were calculated from d 0 to 7, d 7 to 14, and d 14 to
21, respectively. Four hours after the ETEC challenge, blood samples
were obtained from an anterior vena cava puncture using vacuum
container tubes (Becton Dickinson Vacutainer Systems, Franklin
Lakes, NJ, USA). Blood samples were clot at room temperature for
20 min and centrifuged at 4,000 � g for 10 min at 4 �C to obtain
serum samples and were kept at �80 �C until measurement. On
d 21 (2 wk after ETEC F4 [K88þ] challenge), 4 piglets per treatment,
close to the average body weight (BW) were selected and sacrificed



Table 1
Composition and nutrient levels of the basal diet (as-fed basis, %).

Item Content

Ingredients
Corn (8.0% CP) 52.96
Extruded soybean (35.5% CP) 15.30
Soybean meal (45% CP) 8.00
Whey power (7.0% CP) 10.00
Fish meal (64.6% CP) 6.00
Spray-dried plasma protein (75% CP) 3.00
Glucose 2.00
Soybean oil 0.70
Dicalcium phosphate 0.02
Limestone 0.80
Salt 0.30
L-Lysine$hydrochloride (98%) 0.09
DL-Methionine (98%) 0.03
Zinc oxide (85%) 0.30
Vitamin-mineral premix1 0.50
Total 100

Nutrient levels
Digestible energy, Mcal/kg 3.49
Crude protein 20.22
Calcium 0.70
Available phosphorus 0.35
Digestible lysine 1.22
Digestible methionine 0.36
Digestible threonine 0.75
Digestible tryptophan 0.21

1 Vitamin-mineral premix provided the following per kilogram of diet: vitamin
A, 12,000 IU as vitamin A acetate; vitamin D, 2,500 IU as vitamin D3; vitamin E,
30 IU as DL-a-tocopheryl acetate; 12 mg of vitamin B12; vitamin K, 3 mg as
menadione sodium bisulfate; d-pantothenic acid, 15 mg as calcium pantothenate;
40 mg of nicotinic acid; choline, 400 mg as choline chloride; Mn, 40 mg as
manganous oxide; Zn, totally 2,250 mg of Zn2þ concentration from zinc oxide
added additionally and zinc sulfate from premix; Fe, 90 mg as iron sulfate; Cu,
8.8 mg as copper oxide; I, 0.35 mg as ethylenediamine dihydroiodide; and Se,
0.3 mg as sodium selenite.
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by exsanguination after electrical stunning to obtain intestinal
contents and tissues. Briefly, 20 cm of medial jejunum and ileal
segments were opened longitudinally and the digesta was flushed
with ice-cold PBS, then a sterile glass microscope slide was used to
obtain 1-g mucosa of jejunum and ileum from 3 pigs per treatment.
Digesta samples (2 to 3 g) in the midterm ileum, cecum and colon
were collected in sterile bags for intestinal microbiota analysis. The
mucosa and digesta samples were immediately frozen in liquid
nitrogen and stored at �80 �C for further analysis.
2.5. Chemical analysis

2.5.1. Immune and intestinal permeability parameters
Tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6) and

interleukin-10 (IL-10) were analyzed using commercially available
swine enzyme-linked immune sorbent assay (ELISA) kits (R&D
Systems Inc., Minneapolis, MN, and Biosource International Inc.,
Camarillo, CA). Serum concentrations of endotoxin were deter-
mined using a commercial chromogenic endpoint Tachypleus kit
(Xiamen Limulus Amebocyte Lysate Company, Xiamen, China), ac-
cording to the manufacturer's instructions. Diamine oxidase (DAO)
was determined using a commercial ELISA kit purchased from the
Beijing Luyuan Byrd Biological Technology Company (Beijing,
China), following the standard procedure described by the manu-
facturer. The immune globulins (IgG, IgM and IgA) in serum were
measured by ELISA kits (IgG, IgM and IgA quantitation kits; Bethyl
Laboratories, Inc., Texas, USA).
2.5.2. Western blot
The method for protein extraction of the intestinal mucosa was

in accordance with the procedures of Pan et al. (2017). Briefly, the
protein contained from the mucosa of jejunum and ileum was
extracted according to the ProteoJET Total Protein Extraction Kit
(Fermentas, Hanover, MD). After determining the protein concen-
tration, protein extracts (20 mg) were fractionated on 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene difluoride membranes (Bio-Rad Lab-
oratories, Hercules, CA). Skim milk (5%) solution was used to block
the membranes at room temperature for 2 h and then incubated
with diluted antibodies. Specific primary antibodies included rabbit
anti-zonula occludens-1 (ZO-1) (1:200) and rabbit anti-occludin
(1:200) from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and
rabbit anti-b-actin (1:1,000) from Sigma Aldrich (Sigma Aldrich
Inc., St. Louis, MO, USA). After incubation with goat anti-rabbit IgG
secondary antibody, signals were visualized by the Odyssey
Infrared Imaging System (LI-COR Biosciences, Lincoln, NE)
after incubation. Blot analysis was performed on 4 replicates per
treatment using Quantity One Software (BioRad Laboratories,
Hercules, CA). The relative abundance of target proteins including
occludin and ZO-1was expressed as the target protein-to-b-actin
protein ratio.
2.5.3. Intestinal microbiota
Total bacterial genomic DNA extraction was performed from

digesta samples of ileum, cecum and colon by use of the E.Z.N.A.
Stool DNA Kits (Omega Bio-Tek, Norcross, US). The microbial 16S
rRNA gene was amplified with indexes and adaptors-linked uni-
versal primers (515F: GTGYCAGCMGCCGCGGTAA) 806R: GGAC-
TACHVGGGTWTCTAAT) targeting the V4 region, purified with
QIAquick PCR Purification Kit (QIAGEN), and quantified by Qubit 2.0
Fluorometer (Thermo Fisher Scientific, Waltham, US) to pool into
even concentration. Amplicon libraries were sequenced on Illumina
HiSeq PE250 platform (Illumina, San Diego, US) for paired-end
reads of 300 bp. The paired-end reads were assembled into
longer tags and quality-filtered to remove tags with a length of <
220 bp, an average quality score of < 20, and tags containing > 3
ambiguous bases by PANDAseq. After discarding the singletons, the
high-quality tags were clustered into operational taxonomic units
(OTU) using the Usearch in Quantitative Insights Into Microbial
Ecology (QIIME) pipeline software (version 1.8.0) with a similarity
threshold of 0.97 and the OTU were further subjected to the
taxonomy-based analysis with the RDP database (https://rdp.cme.
msu.edu/), using the RDP classifier at an 0.80 confidence level
(Cole et al., 2013). Alpha and beta diversity were analyzed using
QIIME (Mahnert et al., 2015; jin et al., 2016). Linear discriminant
analysis (LDA) effect size (LEfSe) analyses were performed with the
LEfSe tool (Segata et al., 2011). The relative abundance of bacteria
was expressed as a percentage.
2.6. Statistical analysis

All data were analysed in a randomized complete block design
using the MIXED procedure of SAS (SAS Institute Inc., Cary, NC)
with each individual pig considered as an experimental unit, di-
etary treatment as a fixed effect and block as a random effect.
Statistical differences among treatments were separated by Stu-
dent-Neuman-Keul's multiple range tests. Differences in gut
bacterial abundance were analyzed by LDA LEfSe. LEfSe analysis
used the Kruskal-Wallis rank sum test to detect significantly
different abundances and perform LDA scores to estimate the
effect size (threshold: �2). Values were presented as least square
means with a standard error of the mean (SEM). Significant dif-
ferences were declared at P � 0.05 and trends were noted when
0.05 < P � 0.10.

https://rdp.cme.msu.edu/
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Table 3
Effects of a regular free acidifier or a micro-encapsulated combination of organic
acids and essential oils combination on fecal score in the first week after entero-
toxigenic Escherichia coli F4 (K88þ) challenge in weaned pigs.

Item Treatments1 SEM2 P-value

PC NC FA P1 P2

Day 1 2.00b 3.00ab 3.00ab 3.17a 2.17ab 0.34 <0.01
Day 2 2.00 3.33 3.33 2.50 2.83 0.36 0.04
Day 3 2.00 2.67 2.00 2.17 1.67 0.40 0.59
Day 4 2.17 2.67 2.50 1.83 2.33 0.32 0.49
Day 5 1.83 2.17 2.33 2.33 2.33 0.28 0.64
Day 6 1.83 2.50 2.00 2.33 2.50 0.27 0.41
Day 7 1.83 2.67 2.33 2.50 2.33 0.26 0.26

a,b Different superscripts within a row indicate a significant difference (P < 0.05).
1 PC, non-challenged positive control; NC, enterotoxigenic E. coli F4 (K88þ)-

challenged (on d 7) negative control; FA, NC þ kitasamycin at 50 mg/kg þ ola-
quindox at 100 mg/kg þ regular free acids at 5 g/kg; P1, NC þ kitasamycin at
50 mg/kg þ olaquindox at 100 mg/kg þ micro-encapsulated combination of
organic acids and essential oils at 1 g/kg; P2, NC þ kitasamycin at 50 mg/kg þ
olaquindox at 100 mg/kg þ micro-encapsulated combination of organic acids and
essential oils at 2 g/kg.

2 SEM means standard error of the means (n ¼ 6).
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3. Results

3.1. Growth performance and fecal score

There were no adverse events during the whole experiment
period. Table 2 shows the growth performance of weaned piglets.
From d 0 to 7, no difference was observed on piglet performance.
For the first week after the ETEC F4 (K88þ) challenge, treatment P1
had an improved G:F (P < 0.01) compared with NC and treatment
FA and diet effects were shown in ADG and ADFI (P ¼ 0.04 and
P¼ 0.05, respectively). However, statistically significant differences
among the treatments were not observed in ADG or ADFI when
pairwise comparisons were performed using Student-Neuman-
Keul's multiple range tests. For the second week after the ETEC F4
(K88þ) challenge, higher ADG of the weaned piglets was observed
(P < 0.05) only in P2 treatment compared with NC group and FA
treatment. On d 1 after the ETEC F4 (K88þ) challenge, the fecal
score of the piglets was higher (P < 0.05) in treatment P1 compared
with PC. On d 2 after the ETEC F4 (K88þ) challenge, the fecal score
of piglets was not significantly different after Student-Neuman-
Keul's multiple range tests and no treatment effect was observed
over the next 6 d (Table 3).

3.2. Immune and intestinal permeability parameters of serum

As shown in Table 4, some inflammatory parameters in serum
collected at 4 h after ETEC F4 (K88þ) challenge were determined. A
reduced TNF-a concentration (P < 0.05) was observed in the P2
treatment compared with NC. Moreover, IL-6 and IL-10 levels
decreased (P < 0.05) by FA and P2 treatments compared with NC.
Table 2
Effects of a regular free acidifier or a micro-encapsulated combination of organic
acids and essential oils on performance of weaned pigs pre- and post-challenged
with enterotoxigenic Escherichia coli F4 (K88þ).

Item Treatments1 SEM2 P-value

PC NC FA P1 P2

BW at d 0, kg 7.42 7.41 7.41 7.42 7.41 0.06 0.99
Day 0 to 7
ADG, g 449 482 478 457 527 30.3 0.44
ADFI, g 697 710 725 666 772 36.7 0.41
G:F 0.65 0.68 0.67 0.69 0.68 0.03 0.86

Day 7 to 14
ADG, g 488 356 396 478 504 34.2 0.04
ADFI, g 800 623 713 710 799 42.5 0.05
G:F 0.61ab 0.56b 0.55b 0.68a 0.63ab 0.02 <0.01

Day 14 to 21
ADG, g 477ab 394b 421b 499ab 545a 31.8 0.02
ADFI, g 856 760 808 851 917 42.5 0.16
G:F 0.56 0.53 0.52 0.58 0.60 0.03 0.17

Day 7 to 21
ADG, g 483 390 424 486 521 27.1 0.08
ADFI, g 828 696 785 781 858 42.1 0.13
G:F 0.58 0.56 0.54 0.63 0.62 0.02 0.07

Day 0 to 21
ADG, g 471 421 446 476 512 39.9 0.40
ADFI, g 784 707 789 732 830 39.9 0.22
G:F 0.60 0.59 0.56 0.65 0.62 0.02 0.09

BW ¼ body weight; ADG ¼ average daily gain; ADFI ¼ average daily feed intake;
G:F ¼ gain-to-feed ratio.
a,b Different superscripts within a row indicate a significant difference (P < 0.05).

1 PC, non-challenged positive control; NC, enterotoxigenic Escherichia coli F4
(K88þ)-challenged (on d 7) negative control; FA, NC þ kitasamycin at 50 mg/kg þ
olaquindox at 100 mg/kg þ regular free acids at 5 g/kg; P1, NC þ kitasamycin at
50 mg/kg þ olaquindox at 100 mg/kg þmicro-encapsulated combination of organic
acids and essential oils at 1 g/kg; P2, NC þ kitasamycin at 50 mg/kg þ olaquindox at
100 mg/kg þ micro-encapsulated combination of organic acids and essential oils at
2 g/kg.

2 SEM means standard error of the means (n ¼ 6).
The concentrations of endotoxin, DAO, IgA, IgG and IgM in serum
were not significantly changed by the treatments.

3.3. Protein expression of tight junction proteins

In the jejunum, ETEC F4 (K88þ) challenge caused a lower
abundance of occludin and ZO-1 proteins in the NC group (P < 0.05)
and FA supplementation also decreased ZO-1 protein abundance
compared with the PC group. Higher ileal occludin and ZO-1 pro-
tein expression was observed in treatment P1 (P < 0.05) compared
with the NC group (Table 5 and Fig. 1).

3.4. The 16S rRNA gene sequence

There were 19,768 to 38,939 valid reads obtained from each
sample (data not shown). Using a 97% sequence similarity cut-off,
889 OTU were identified from 60 samples (n ¼ 4 per treatment).
Table 6 shows alpha diversity analysis including Chao, observed
species, Shannon and Simpson indices. In the ileum, no significant
Table 4
Effects of a regular free acidifier or a micro-encapsulated combination of organic
acids and essential oils combination on immunological index after 4 h of the en-
terotoxigenic Escherichia coli F4 (K88þ) challenge in weaned pigs.

Item Treatments1 SEM2 P-value

PC NC FA P1 P2

TNF-a, pg/mL 86.2ab 105a 83.0ab 90.2ab 69.0b 6.29 0.01
IL-6, pg/mL 117ab 127a 110bc 122a 106c 2.97 <0.01
IL-10, pg/mL 37.5ab 50.5a 31.5b 37.6ab 34.7b 3.69 0.02
Endotoxin, EU/L 200 166 146 192 154 19.2 0.34
DAO, U/L 19.5 19.2 19.5 18.4 21.3 1.31 0.50
IgA, g/L 1.06 1.05 1.40 0.79 1.11 0.16 0.16
IgG, g/L 6.88 7.62 6.64 7.54 8.20 0.49 0.16
IgM, g/L 0.68 1.03 0.85 0.63 0.71 0.10 0.07

TNF-a ¼ tumor necrosis factor-a; IL ¼ interleukin; EU ¼ endotoxin units;
DAO ¼ diamine oxidase; Ig ¼ immunoglobulin.
a,b,c Different superscripts within a row indicate a significant difference (P < 0.05).

1 PC, non-challenged positive control; NC, enterotoxigenic E. coli F4 (K88þ)-
challenged (on d 7) negative control; FA, NC þ kitasamycin at 50 mg/kg þ ola-
quindox at 100 mg/kg þ regular free acids at 5 g/kg; P1, NC þ kitasamycin at
50 mg/kg þ olaquindox at 100 mg/kg þ micro-encapsulated combination of
organic acids and essential oils at 1 g/kg; P2, NC þ kitasamycin at 50 mg/kg þ
olaquindox at 100 mg/kg þ micro-encapsulated combination of organic acids and
essential oils at 2 g/kg.

2 SEM means standard error of the means (n ¼ 6).



Table 5
Effects of a regular free acidifier or a micro-encapsulated combination of organic acids and essential oils combination on concentrations of tight junction proteins after en-
terotoxigenic Escherichia coli F4 (K88þ) challenge in weaned pigs.

Item Treatments1 SEM2 P-value

PC NC FA P1 P2

Jejunum
Occludin-to-b-actin ratio 0.69a 0.21b 0.28ab 0.45ab 0.56ab 0.09 0.04
ZO-1-to-b-actin ratio 0.62a 0.22b 0.27b 0.38ab 0.43ab 0.06 0.01

Ileum
Occludin-to-b-actin ratio 0.69a 0.18d 0.37c 0.52b 0.31cd 0.04 <0.01
ZO-1-to-b-actin ratio 0.66a 0.18b 0.42ab 0.53a 0.44ab 0.07 0.01

ZO-1 ¼ zonula occludens-1.
a,b,c,dDifferent superscripts within a row indicate a significant difference (P < 0.05).

1 PC, non-challenged positive control; NC, enterotoxigenic E. coli F4 (K88þ)-challenged (on d 7) negative control; FA, NC þ kitasamycin at 50 mg/kg þ olaquindox at
100 mg/kg þ regular free acids at 5 g/kg; P1, NC þ kitasamycin at 50 mg/kg þ olaquindox at 100 mg/kg þ micro-encapsulated combination of organic acids and essential
oils at 1 g/kg; P2, NC þ kitasamycin at 50 mg/kg þ olaquindox at 100 mg/kg þ micro-encapsulated combination of organic acids and essential oils at 2 g/kg.

2 SEM means standard error of the means (n ¼ 3).
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difference was observed in alpha diversity among the 5 treatments.
Chao and observed species in the cecum were lower in treatment
P2 than in the PC group and treatment P1 (P < 0.05), whereas
treatments FA and P2 had reduced Shannon index in the colon than
in the PC and NC groups (P < 0.05). However, we did not observe
any difference in beta diversity in the 5 treatments (data not
shown). Themicrobiota relative abundances at the genus level of all
samples suggested that the top 2 genues were Lactobacillus and
Escherichia-Shigella in the ileum, Prevotella and Lactobacillus in the
cecum and colon (Table 7). In the ileum, the relative abundance of
Lactobacillus was significantly increased by the P1 treatment
compared with the NC group (P < 0.05), treatments FA and P2, and
no difference in the relative abundance of Escherichia-Shigella. In
the cecum and colon, the treatment P1 increased the relative
abundance of Lactobacillus compared with the other 4 groups
(P < 0.05). LEfSe analysis showed dominant microorganisms among
the treatments with LDA values of taxa higher than 2.0 (Fig. 2AeC).
Fig. 2A shows the NC group had high Escherichia-Shigella compo-
sition while treatment P1 had a high Lactobacillaceae family in the
ileum. In the cecum, the NC group had abundant Faecalibacterium,
the PC group was abundant in Roseburia, treatment FA had high
Escherichia-Shigella, treatment P1 still had a high Lactobacillaceae
family and treatment P2 had high Proteobacteria, Streptococcaceae
and Erysipelotrichaceae families (Fig. 2B). In the colon, the PC group
induced high Faecalibacterium, the dominant microbiota in the FA
treatment was Bacteroidia, and the P1 treatment resulted in
Fig. 1. Western blot analysis of occludin and zonula occludens-1 (ZO-1) protein abundance in
weaned pigs. (A) The bands were the representative Western blot images of occludin, ZO-1 a
occludin, ZO-1 and b-actin from the ileum. PC, non-challenged positive control. NC, enteroto
50 mg/kg þ olaquindox at 100 mg/kg þ regular free acids at 5 g/kg; P1, NC þ kitasamycin a
acids and essential oils at 1 g/kg; P2, NC þ kitasamycin at 50 mg/kg þ olaquindox at 100 m
elevated Firmicutes composition, Bacilli and Lactobacillaceae genera
(Fig. 2C).

4. Discussion

Many studies have reported that ETEC infection could induce
diarrhea in nursery pigs typically lasting 1 to 5 d after ETEC infec-
tion as well as reduce growth performance, especially in the first 1
or 2 wk post-weaning (Verdonck et al., 2007; Kim et al., 2012).
Therefore, the ETEC F4 (K88þ) challenge was carried out after the
first week of weaning as the pigs have a high diarrhea incidence
over that time, and piglet performance was recorded for 2 wk after
the ETEC F4 (K88þ) challenge to see a further effect of the ETEC
infection. Although few studies about effects of protected combi-
nation of OA and essential oils [P(OA þ EO)] on pigs after an ETEC
challenge was retrieved in literature, some research have reported
that a blend of OA combined with EO showed an increase in
digestive enzyme activity and growth performance (Jang et al.,
2004; Xu et al., 2018). In the first week of the experimental
period, there were no differences in the growth performance of
piglets fed with or without antibiotics and P(OA þ EO) or FA before
the ETEC F4 (K88þ) challenge. However, after the ETEC F4 (K88þ)
challenge, antibiotics and P(OA þ EO) supplementation improved
either the ratio of gain to feed or ADG of weaning piglets. Treat-
ments P1, P2 and FA were all composed with the same antibiotics
mix but were different from each other by the additive combina-
jejunum and ileum of 2 wk after enterotoxigenic Escherichia coli F4 (K88þ) challenge in
nd b-actin from jejunum; (B) The bands were the representative Western blot images of
xigenic E. coli F4 (K88þ)-challenged (on d 7) negative control; FA, NC þ kitasamycin at
t 50 mg/kg þ olaquindox at 100 mg/kg þ micro-encapsulated combination of organic
g/kg þ micro-encapsulated combination of organic acids and essential oils at 2 g/kg.



Table 6
Estimation of diversity within different gut segments after enterotoxigenic Escher-
ichia coli F4 (K88þ) challenge in weaned pigs.

Item Treatments1 SEM2 P-value

PC NC FA P1 P2

Ileum
Chao 182 210 203 216 253 44.8 0.85
Observed species 119 144 154 144 199 43.5 0.77
Shannon 2.04 1.14 2.29 1.60 2.55 0.58 0.48
Simpson 0.55 0.29 0.48 0.42 0.78 0.12 0.12

Cecum
Chao 342a 310a 324a 335a 253b 19.4 0.04
Observed species 277a 256ab 257ab 271a 199b 16.6 0.04
Shannon 5.47 5.38 4.84 5.11 4.60 0.30 0.25
Simpson 0.96 0.95 0.89 0.92 0.89 0.03 0.28

Colon
Chao 393a 396a 329b 341ab 311b 22.1 0.06
Observed species 323a 310ab 270bc 277abc 257c 17.0 0.08
Shannon 5.89a 5.89a 4.95b 5.13ab 4.98b 0.27 0.05
Simpson 0.96 0.97 0.89 0.92 0.90 0.02 0.20

a,b,cDifferent superscripts within a row indicate a significant difference (P < 0.05).
1 PC, non-challenged positive control; NC, enterotoxigenic E. coli F4 (K88þ)-

challenged (on d 7) negative control; FA, NC þ kitasamycin at 50 mg/kg þ ola-
quindox at 100 mg/kg þ regular free acids at 5 g/kg; P1, NC þ kitasamycin at
50 mg/kg þ olaquindox at 100 mg/kg þ micro-encapsulated combination of
organic acids and essential oils at 1 g/kg; P2, NC þ kitasamycin at 50 mg/kg þ
olaquindox at 100 mg/kg þ micro-encapsulated combination of organic acids and
essential oils at 2 g/kg.

2 SEM means standard error of the means (n ¼ 4).
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tion. As by comparison to treatment FA, treatment P1 achieved a
higher G:F from d 7 to 14 and treatment P2 improved the ADG of
piglets from d 14 to 21, we observed that combined with the same
antibiotics mix, additive P(OA þ EO) had a better ability to alleviate
the negative effects on performance caused by an ETEC F4 (K88þ)
challenge than FA additive. Prior to the bacterial challenge, there
was no indication of diarrhea or loose stools among any of the pigs.
Compared with the no-challenge treatment, although treatment P1
had a higher fecal score on the first day after the ETEC F4 (K88þ)
challenge, all treatments had a low fecal score. Additionally, except
for the first day of postechallenge, no difference was observed in
the fecal score among dietary treatments. However, Lei et al. (2017)
found a higher diarrhea incidence in 28-d weaning piglets chal-
lenged with 5 mL � 109 CFU/mL ETEC K88þ at d 8, 9 and 10 post-
weaning, while Pan et al. (2017) observed increased diarrhea
Table 7
Microbiota relative abundance in different gut segments at genus level after en-
terotoxigenic Escherichia coli F4 (K88þ) challenge in weaned pigs (%).

Item Treatments1 SEM2 P-value

PC NC FA P1 P2

Ileum
Lactobacillus 63.9ab 10.1b 35.6bc 85.6a 5.41c 12.9 <0.01
Escherichia-Shigella 0.16 62.5 51.1 7.04 36.2 16.8 0.09

Cecum
Prevotella 48.3 50.6 44.9 21.9 50.9 9.5 0.22
Lactobacillus 8.85b 1.91b 0.66b 30.2a 3.18b 2.8 <0.01

Colon
Prevotella 45.8 52.2 55.4 25.0 36.8 6.8 0.05
Lactobacillus 11.8b 2.83b 0.30b 29.7a 8.82b 4.2 <0.01

a,b,cDifferent superscripts within a row indicate a significant difference (P < 0.05).
1 PC, non-challenged positive control; NC, enterotoxigenic E. coli F4 (K88þ)-

challenged (on d 7) negative control; FA, NC þ kitasamycin at 50 mg/kg þ ola-
quindox at 100 mg/kg þ regular free acids at 5 g/kg; P1, NC þ kitasamycin at
50 mg/kg þ olaquindox at 100 mg/kg þ micro-encapsulated combination of
organic acids and essential oilsat 1 g/kg; P2, NC þ kitasamycin at 50 mg/kg þ
olaquindox at 100 mg/kg þ micro-encapsulated combination of organic acids and
essential oils at 2 g/kg.

2 SEM means standard error of the means (n ¼ 4).
incidence in 21-d weaning piglets challenged with
10mL� 109 CFU/mL ETEC K88þ at d 9 comparedwith unchallenged
groups. Therefore, the inconsistent change of diarrhea in the cur-
rent study could be explained by the low dose of ETEC F4 (K88þ)
and different ages of piglets, which caused low fecal score and pigs
could recover from the ETEC F4 (K88þ) challenge in a short time.

In response to an ETEC F4 (K88þ) challenge, lower pro-
inflammatory cytokine concentrations, like TNF-a, IL-6 and IL-10
were observed in treatment P2 in this study. A previous study
found serum cytokines could be used as biomarkers of mucosal
inflammation as they have high correlations, which could be used for
intestinal disease assessment (Ljuca et al., 2010). The serum levels of
TNF-a are associated with the gut inflammatory disease, and a pre-
vious study has found that EO (a mixture of carvacrol and thymol)
could reduce mRNA expression of TNF-a in the intestine of weaned
piglets and led to the improvement of gut health and growth per-
formance due to reduced inflammation (Wei et al., 2017). It has been
shown that the EO, thymol possess anti-inflammatory properties
and lowered the production of IL-6 and TNF-a in lipopolysaccharide-
induced mouse mammary epithelial cells (Huang and Lee, 2018).
However, the studies on the effects of OA on the inflammation
response of the weaned pigs after the ETEC challenge were very
limited, while Li et al. (2008) did not observe a change of serum IL-6
after the oral ETEC challenge in pigs fed OA. Appropriate amounts of
pro-inflammatory cytokines are important in order to alleviate
inflammation as over-stimulation of the immune system would
induce detrimental effects (Li et al., 2015). Therefore, the improved
cytokine profile in serum induced by P2 treatment may indicate the
alleviation of inflammatory and could contribute to an improvement
in growth performance (Li et al., 2006).

Tight junction proteins such as occludin and claudins can
bound to zonula occludens proteins, which are very important in
preventing intestinal bacteria from crossing the epithelium by
sealing the paracellular space between epithelial cells
(Ulluwishewa et al., 2011; Suzuki, 2013). Many previous studies
have shown that an ETEC infection would increase intestinal
permeability through occludin dephosphorylation and ZO-1
redistribution, which negatively influenced the tight junction
protein expression in pigs (Berkes et al., 2003; Roselli et al., 2007;
Che et al., 2017). In the current study, we also observed lower
occludin and ZO-1 protein expression in ETEC F4 (K88þ) challenge
group (NC) both in jejunum and ileum while the beneficial effects
of treatment P1 on pig performance appeared to be achieved by an
improvement of tight junction protein expression in ileum. Zou
et al. (2016) found EO promoted intestinal barrier integrity prob-
ably through modulating intestinal bacteria and immune status in
pigs. Some pro-inflammatory cytokines, such as TNF-a and IFN-g,
are known to cause increased permeability by inducing the
endocytosis of the tight junction proteins (Capaldo and Nusrat,
2009). Likewise, the increased pro-inflammatory cytokines in the
serum were observed in NC after the ETEC F4 (K88þ) challenge,
which could be linked with lower tight junction protein expres-
sion. Although few studies investigated the effects of OA or EO on
gut barrier after an ETEC F4 (K88þ) challenge in piglets, the present
study demonstrated that P(OA þ EO) exerted a better protective
effect on inflammatory and barrier function after ETEC F4 (K88þ)
challenge than treatment FA.

Alpha diversity is defined as the diversity in a specific area or
ecosystem in terms of species richness (Zhang et al., 2017). The Chao
or observed species calculation is an estimator of phylotype richness
and Shannon or Simpson index of diversity reflects both the richness
and community evenness (Zhang et al., 2017). A decreased alpha
diversity was shown in treatment P2, which could be explained by
the antibacterial function of a high dose of EO and OA. However, the
reduction in microbial richness and diversity is associated with the



Fig. 2. Key phylotypes of gutmicrobiota in the ileumof pigs after 2wk of enterotoxigenic Escherichia coli F4 (K88þ) challengewere identified using linear discriminant analysis effect size
(LEfSe) analyses (n¼ 4). Taxonomic differences among the 3 treatments are represented by the color of themost abundant class. Linear discriminant analysis (LDA) scorewas obtained by
LDA for significantly functional microbiota with different taxonomic levels (phylum to genus: p, phylum; c, class; o, order; f, family; g, genus). (A) LEfSe analysis from ileum; (B) LEfSe
analysis from cecum; (C) LEfSe analysis fromcolon. PC, non-challenged positive control; NC, enterotoxigenic E. coli F4 (K88þ)-challenged (on d 7) negative control; FA, NCþ kitasamycin at
50mg/kgþ olaquindox at 100mg/kgþ regular free acids at 5 g/kg; P1, NCþ kitasamycin at 50mg/kgþ olaquindox at 100mg/kgþmicro-encapsulated combination of organic acids and
essential oils at 1 g/kg; P2, NCþ kitasamycin at 50mg/kgþ olaquindox at 100mg/kgþmicro-encapsulated combination of organic acids and essential oils at 2 g/kg. I¼ ileum, E¼ cecum,
and O ¼ colon.
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concepts of ecosystem instability and reduced resilience (Mes, 2008),
which was also indicated by lower Lactobacillus in the cecum and
colon in the FA and P2 treatments. However, only the treatment P1
resulted in a high abundance of Lactobacillus compared with other
ETEC F4 (K88þ) challenge groups and it could be due to an optimal
dose of EO and OA supplementation. To explore the specific abun-
dant bacterial taxa in each treatment, a LEfSe analysis of the gut
microbiota was performed. A less abundant microbiota in upper
intestine was observed, which was also indicated by a lower alpha
diversity index in the ileum comparedwith the cecum and colon. NC
still had abundant Escherichia-Shigella compared with other groups
and this may be a consequence of ETEC F4 (K88þ) inoculation, whilst
abundant Firmicutes, Bacilli and Lactobacillus were found in the
cecum and colon of the P1 treatment, whichwas correspondingwith
the improvement of tight junction protein of P1 treatment. A study
showed that Bacilli could maintain intestinal homeostasis and host
health by participating in the metabolism of dietary components,
xenobiotics and drugs (Jandhyala et al., 2015; Rowland et al., 2018).
Moreover, several in vivo studies indicated that EO and OA increased
the Lactobacillus and decreased ETEC or total coliforms in the piglets
(Castillo et al., 2006; Zeng et al., 2015; Wei et al., 2017). Ilinskyaya
et al. (2017) also concluded that Bacilli and Lactobacillus both have
an antimicrobial effect and could produce short-chain fatty acids to
improve gut health, also could maintain gut barrier function through
the stimulation of tight junction integrity and mucin production. In
the present study, the main active OA ingredients in protected OA
and EO additive and FA are different, however, their mode of action,
which is to penetrate the bacterial cell wall and disrupt the normal
physiology of some bacteria, is similar (Khan and Iqbal, 2015).
Nevertheless, themicro-encapsulated OA and EO additivewas aimed
to address its combination effect in the distal part of the intestine to
effectively modulate gut health, notably through action of EO
changing the structure of bacteria cells and allowing OA to easily
enter the membrane, leading to the death of some pathogenic bac-
teria (Omonijo et al., 2018). As a result, the synergistic effect of EO
and OA reduced intestinal pathogens and enrich beneficial micro-
biota especially Bacilli and Lactobacillus. Lactobacillus can be used as
probiotic bacteria, and it has been found effective in inhibiting the
inflammatory response in the intestine by mediating inflammatory
cytokines (Manichanh et al., 2012), and has been reported to improve
intestinal barrier function by modulating the tight junction signaling
(Anderson et al., 2010). Therefore, the improvement of microbiota
compositionmay have played an important role in themechanism of
health promoting effects of treatment P1, achieved in the present
study by modulating inflammatory status and intestinal tight junc-
tion protein, to eventually benefit on animal growth performance.

Many countries have banned or are banning the use of antibi-
otics in livestock feeds as a routine means of growth promotion
whilst the withdrawal of antibiotics are associated with enteric
infections. Enzymes, probiotics, oligosaccharides, OA and EO have
been widely used as potential alternatives for animal growth pro-
moters in feeds (Thacker, 2013; Omonijo et al., 2018) whereas the
effects of OA and EO with use of antibiotics on the intestinal chal-
lenge of pigs were fewly studied. Compared with other antibiotics
alternatives, the OA and EO combination have a variety of beneficial
properties such as stimulation of enzyme secretion, antioxidant
and antimicrobial activities, and therefore could effectively
improve animal growth performance and reduce intestinal path-
ogen population (Zhai et al., 2018; Li et al., 2019). In the current
study, protected OA and EO additive combined with antibiotics
showed a better effect on gut health and animal growth of ETEC
challenged piglets compared with FA also combined with the same
antibiotics treatment. This results suggested that association of
protected OA and EO and antibiotic could help to control the con-
sequences of intestinal challenge in piglets.
5. Conclusions

In conclusion, P(OA þ EO) additive at 2 g/kg combined with
antibiotics improved the growth and had immunomodulatory ef-
fect on the piglet post ETEC F4 (K88þ) challenge, while supple-
mentation of P(OA þ EO) additive at 1 g/kg combined with
antibiotics could increase feed efficiency, protect gut barrier by
increasing tight junction protein expression and increase Lactoba-
cillus and Bacilli abundances after ETEC F4 (K88þ) challenge.
Compared to protected (micro-encapsulated) OA and EO additive,
conventional free (unprotected) acidifiers combined with the same
antibiotics showed a weaker effect on animal growth and gut
health.
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