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Simple Summary: We studied the impact of the bioactive components degradation of oregano
essential oil and purple garlic powder during storage in silos, their effect on the morphometry of the
jejunum and ileum and the cecal microbiota as intestinal health indicators in the piglets during the
post-weaning. We also monitored antimicrobial resistance in the commensal indicator Escherichia coli.
Histological parameters and intestinal microbiota were measured in 140 piglets weaned at 21 days
of age. Seven dietary treatments were used: a negative control group (basal diet), a positive control
group with zinc oxide (3000 mg/kg of food), two groups with oregano essential oil at 0.4% and
1.2%, respectively, two groups with purple garlic powder 0.4% and 2%, respectively, and a group
with oregano essential 0il with 1.2% combined with purple garlic powder with 2%. Each group of
piglets received the treatment for seven weeks, from weaning, before samples were taken. Antibiotic
resistance profiles were studied in 81 Escherichia coli strains from the cecal content. A progressive
loss of the bioactive components of oregano essential oil and purple garlic powder was observed
during the 34 days of storage. With purple garlic powder at 2% and oregano essential oil at 1.2%,
their combination showed results like zinc oxide and even superior results in terms of the histological
parameters studied and the counts of Escherichia coli and Lactobacillus. We observed high levels of
resistance to antimicrobials of all categories. In general, the high doses of the additives studied
showed the best results, obtaining levels like or higher than those offered by zinc oxide.

Abstract: Finding alternatives to zinc oxide is a pressing issue for the pig production sector. We
studied the impact of the bioactive components degradation of oregano essential oil (OEO) and
purple garlic powder (PGP) during storage in silos, their effect on the morphometry of the jejunum
and ileum and the cecal microbiota as intestinal health indicators in piglets during the post-weaning
period. We also monitored antimicrobial resistance in the commensal indicator E. coli. Histological
parameters and intestinal microbiota were measured in 140 piglets weaned at 21 days of age. Seven
dietary treatments were used: a negative control group (basal diet), a positive control group with
ZnO (3000 mg/kg of food), two groups with OEO at 0.4% and 1.2%, respectively, two groups with
PGP 0.4% and 2%, respectively, and a group with OEO with 1.2% combined with PGP with 2%.
Each group of piglets received the treatment for seven weeks, from weaning, before samples were
taken. Antibiotic resistance profiles were measured in 81 E. coli strains. On this occasion, only the
control groups, ZnO, OEO 1.2%, PGP 2% and OEO 1.2% + PGP 2% were used, and the samples were
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obtained from the cecal content. A progressive loss of the bioactive components of OEO and PGP was
observed during the 34 days of storage (p < 0.05). PGP 2%, OEO 1.2% and their combination showed
results similar to ZnO (p > 0.05), or superior in the study of intestinal morphometry and the values of
E. coli and Lactobacillus. All categories showed high levels of resistance. Only the strains isolated from
the OEO 1.2% group did not show resistance to colistin and presented the lowest resistance values.
In general, high doses of the additives studied showed the best results, obtaining levels like or higher
than those offered by ZnO.

Keywords: weaned piglets; oregano; garlic; intestinal health; ZnO; antimicrobial resistance

1. Introduction

The use of antibiotics in intensive livestock farming as prophylactics or as growth
promoters has led to the induction of new antimicrobial resistance (AMR) that poses
a serious problem for public health [1]. This same problem is found with the use of
zinc oxide (Zn0O), a product widely implanted in pig farming that is frequently used
prophylactically to reduce the development of digestive pathologies after weaning and
improve growth performance [2]. However, ZnO also presents a risk to public health given
the environmental contamination it generates through manure [3] and the development of
resistance to antibiotics and heavy metals [4,5]. In the European Union, this situation has
led to an increase in the restrictions on the use of antibiotics and the prohibition of dietary
supplementation with ZnO in therapeutic doses [6]. Finding nutritional alternatives that
allow for the maintenance of the anatomical, physiological, microbiological and immune
balance of the intestine is one of the main tasks of the sector.

In pigs, to ensure proper nutritional absorption, the epithelium of the small intestine
is completely renewed every 2 or 3 days [7]. At birth, the intestine of piglets is in a very
immature state compared to other systems such as the muscular or nervous system [8]. The
interaction with nutrients from breast milk induces their development and maturation [8,9].
However, the early weaning commonly practiced in intensive production (21-28 days) does
not allow optimal maturation of the intestine [10]. Between the fourth and seventh day
after weaning, the height of the villi can be reduced by 35%, although it can be restored
after fourteen days [11]. The length of the villi is compromised between the third and
seventh day [12] and increasing the depth of the crypts can also be a problem [13,14]. This
situation, together with the dietary, social, and environmental changes that occur [15], can
lead to transient anorexia, inflammation and intestinal imbalance that frequently evolves
into diarrhea [15-17].

To control the development of AMR, the European Medicines Agency classifies antibi-
otics into four categories—A (avoid), B (restrict), C (caution) and D (prudence)—depending
on its possible consequences on public health, the development of resistance and the need
and possibility of being used in veterinary medicine [18]. This classification is used in
surveillance programs that seek to control the appearance and persistence of AMR in
animals intended for human consumption. For this, commensal indicator bacteria that are
found in healthy animals and acquire resistance more quickly than other pathogens are
used: E. coli, Salmonella spp., Campylobacter spp. and Enterococcus spp. [19].

Antimicrobials can also negatively affect commensal bacteria in the gut microbiota [20].
Some of them, like Lactobacillus spp., are involved in digestion and energy harvesting
processes, in addition to having anti-inflammatory effects. However, after weaning their
number decreases with respect to bacteria such as E. coli, Salmonella spp. and Campylobacter
spp., associated with the development of diarrhea [21].

Phytogenics are botanical derivatives that have sometimes been used as growth pro-
moters and immunological stimulants [22,23]. Among the natural products that have
historically been used for the prevention and cure of diseases, within the Alliaceae family we
find garlic (Allium sativum) [24-26]. The purple garlic powder (PGP) contains phytochemi-
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cals with synergistic effects between them [27] including the following: ajoenes (E-ajoene,
Z-ajoene), thiosulfinates (allicin), vinyldithiines (2-vinyl-(4H)-1,3-dithiine, 3-vinyl-(4H)-1,2-
dithiine), sulfides (diallyl disulfide (DADS) and diallyl trisulfide (DATS). Garlic extracts and
their phytochemicals have various biological activities including anti-inflammatory [28],
anticancer, antioxidant [29], antimicrobial [30] and antifungal properties [31]. One of the
most active compounds is allicin (allyl thiosulfinate) coming, after the breaking of the
parenchyma, from the reaction between the alliinase enzyme and the alliin. Its pharmaco-
logical effect is attributed to its antioxidant activity, as well as to its interaction with proteins
that contain thiols. It has been previously reported that the quality of garlic, regarding the
allicin content, varies depending on the variety, region and growth environment [32]. In
Spain, the native ecotype named “Purple from Las Pedrofieras” is an important source
of thiosulfinate and allicin [33]. Different researchers have pointed out the effectiveness
of the inclusion of purple garlic powder (PGP), as a food additive, in the diets of broilers
and pigs.

Oregano (Origanum vulgare L.) is an aromatic plant widely distributed in Asia and
the Mediterranean area [34]. Oregano essential oil (OEO) is a volatile extract from this
plant, which has been described for the prevention of intestinal architecture distortion
and as an additive capable of increasing the height of the villi [35]. OEO comprises more
than twenty major components, including a large percentage of phenolic compounds
with antioxidant properties [36] that have been described both in vitro and in vivo [37].
They also exhibit antimicrobial [38,39] and anti-inflammatory [40] properties. Two of the
main active components of OEO, which have been shown to provide beneficial effects
on the intestinal health of pigs and on their productive performance, are carvacrol and
thymol [35,41].

Knowing the chemical activities of these components, and therefore their instability,
degradation due to the storage oxidizing environment of the feeds in silos, including
exposure to oxygen, moisture and light is expected. In this way, allicin and carvacrol, major
components identified in Allium sativum extract and Origanum essential oil, respectively,
are known to be volatile and unstable compounds that, according to Liu et al. [42], in
the presence of air and water are susceptible to degradation into diallyl disulfides (allicin
oxidation) and thymoquinone (from the carvacrol oxidation) [43]. This situation justified
the need to undertake a study regarding the stability of these feed additives, in both
pre-starter and starter feeds, after their storage in silos.

In light of this, and as has been stated above, the inclusion of Allium sativum L.
and Origanum essential oil and their combination in post-weaning piglet feed has been
previously accomplished by different researchers [44]. But, according to the scientific
literature, no research involving the stability of these bioactive components in the pre-
starter and starter feeds under silo storage conditions has been accomplished before.

Thus, the main goals of the present research were to study the effect of feeding different
concentrations of OEO and PGP on intestinal histological parameters in the jejunum and
ileum on weaned piglets; to analyze the impact of these compounds on intestinal microbiota
indicators (E. coli and Lactobacillus spp.); to monitor AMR in the commensal indicator
E. coli; and to evaluate the degradation of the bioactive components of OEO and PGP after
their storage in silos.

2. Materials and Methods
2.1. Additives and Feed Composition

Data on the composition of the control diet, the bioactive components of OEO, and the
chemical and amino acid composition of PGP are described in Rivera-Gomis et al. [44]; the
additives and feed composition are described in Serrano-Jara et al. [45].

Following weaning, for two weeks, the piglets received a pre-starter feed. During the
following weeks, they were given a starter food, until they were ten weeks old.

The control diet was formulated to satisfy the nutritional and energy requirements of
piglets during the post-weaning period; the main OEO compounds were carvacrol (70.32%)
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and thymol (4.10%) encapsulated by a coating of mono- and diglycerides of edible fatty
acids and hydrogenated sunflower fat in a size of 800 pm. The PGP contained 63% of
purple garlic in the form of mashed and dried powder with silicic acid (E-551) and citric
acid as additives.

The additives and feed composition are described in Serrano-Jara et al. [45].

2.2. Animals, Housing and Experimental Design

The University of Murcia, through the Ethical Committee for Animal Experimentation
(CEEA), approved the experimental protocols used in the study (Authorization Code
471/2018). Animal handling was carried out in accordance with current legislation on
animal welfare in the EU.

The animal population studied was located in the facilities of the company Dalland
Hybrid Espafa S.A (DHSA, Murcia, Spain). The piglets were crosses of Pietrain, Large
White and Landrace. Weaning was carried out at twenty-one days of age, and slaughter at
ten weeks of age. The animals were housed in commercial farm conditions.

For the development of this research, seven experimental treatments were manufac-
tured and distributed among seven groups of piglets. A basal diet (control group) without
ZnO or experimental additives added; ZnO (2500 mg of Zn/kg of feed) (2); OEO 0.4% and
1.2% PGP 0.4% and 2% and a mixture of OEO 1.2% and PGP 2%. ZnO was administered as
Zincotrax (Andrés Pintaluba S.A., Tarragona, Spain).

A total of 3000 animals participated in the experiment [46]. For sampling, 140 animals
divided into 10 replicates were used. The experimental unit was the replicate. Each
replicate had the seven experimental groups described above. The number of animals
included in each replicate was 14, and within each replicate, 2 animals were assigned to
each experimental group and sampled. Each replicate lasted 7 weeks, from weaning to the
end of the transition period (Table 1).

Table 1. Distribution of groups, replicates and animals.

Group Replicates Animal/Replicate Animal/Group
Control Grup 10 2 20
ZnO 10 2 20
OEO 0.4% 10 2 20
OEO 1.2% 10 2 20
PGP 0.4% 10 2 20
PGP 2% 10 2 20
OEO 1.2% + PGP 2% 10 2 20
Total 14 140

OEQ: oregano essential oil; PGP: purple garlic powder.

2.3. Quantitative Analysis of Bioactive Components in the Feed: Storage Stability

Two batches of feed, pre-starter and starter enriched with the additives under study
were manufactured right before their inclusion in the animal diet. During the storage
period, at the commercial farm, samples from the silos were taken at the beginning, and at
the end of every experimental diet, corresponding the latter with the transition stage to
fattening and, therefore, with the end of the experimental trials. In this way, the pre-starter
and starter were kept in silos for 15 and 34 days, respectively. All samples were placed in
vacuum bags and stored at —80 °C until the time of analysis.

For the extraction and analysis of the bioactive components in both feeds, different
protocols attending to the chemical nature of every additive extract were developed. All
the samples were analysed in triplicate.

2.3.1. Extraction of Bioactive Compounds from Feed Enriched with PGP

In the case of PGP, samples taken from the silo were homogenised and ground to a par-
ticle size < 0.5 mm. For the isolation of the bioactive components, a solid /liquid extraction
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method was undertaken. An amount of 2 mL of extracting agent (70% MeOH, 10% H,O,
10% acetone and 10% chloroform), enriched with 5 ppm of hesperidin as internal standard,
was added to 250 mg of ground material. The mixture was shaken at 900 oscillations/min
(Vibromatic, Selecta, Spain) for 30 min, and centrifuged for 10 min at 1480 g to separate
the solid residue from the extract.

2.3.2. HPLC-ESI-MS/TOF Analysis of PGP Feed Extracts

The chemical characterization of the PGP extracts was performed using Liquid Chro-
matography (Agilent Technologies, Santa Clara, CA, USA, 1200 series) coupled with High-
resolution Mass Spectrometry (LC-QTOF MS/MS), using a hybrid Quadruple Time-of-
Flight Detector (Agilent Technologies, model 6540) as it was previously described by
Molina-Calle et al. [46], with some modifications. For the chromatographic separation, a
reverse phase C18 column (Zorbax Eclipse Plus C18 (Santa Clara, CA, USA) Rapid Resolu-
tion HD 3.0 x 150 mm, 1.8 pm) was used. The mobile phase was H,O (A) and acetonitrile
(B), both eluents acidified at 0.1% (v/v) with formic acid. The elution gradients were as
follows: 0 to 1 min, 4% (B); 1 to 6 min, increase from 4% to 40% (B); from 6 to 10 min,
increase from 40% to 100% of (B); and, finally, for 10 to 20 min, to ensure elution of all
sample components, it was maintained in 100% (B). The flow rate was 0.25 mL/min and
2 uL of sample were injected. The mass spectrometry analysis was carried out using an
electrospray ionization source, operating in a negative ionization mode. The detection was
performed considering a mass range of 60-1200 m/z, using different collision energies (20
and 40 eV). For the quantification of alliin and y-glutamyl-S-allylcysteine, linear regression
models were applied using standard dilution techniques in a quantification range from 0.1
to 10 mg/mL.

2.3.3. Extraction of Bioactive Compounds from Feed Enriched with OEO

As has been described in Section 2.3.1, homogenised samples of feeds were ground
to a particle size < 0.5 mm, and a solid /liquid extraction method was performed. In this
case, 1 g of pulverized feed was extracted with 40 mL of a mixture of organic solvents
(hexane/ethyl acetate 60/40 v/v) by sonication at 40 °C for 15 min, followed by stirring
for 30 min with a magnetic stirrer at the same temperature and inert atmosphere. The
resulting mixtures were centrifuged for 10 min at 2000 x ¢ and the supernatants were taken
to dryness at 40 °C under vacuum conditions in an evaporator system (Syncore Polyvap
R-96) (Buchi, Flawil, Switzerland). The dried residues were redissolved in methanol and
made up 2 mL. The extracts were kept in vials at —80 °C until their corresponding analysis.

2.3.4. HPLC Analysis of OEO Feed Extracts

The qualitative and quantitative analysis of the major components of OEO (the phe-
nolic components carvacrol and thymol) were carried out using High-pressure Liquid
Chromatography coupled to a Diode Array Detector device (HPLC-DAD 1200 Series,
Agilent, Waldbronn, Germany). The chromatographic separation was performed on a
reverse-phase ZORBAX SB-C18 column (4.6 x 250 mm, 5 um pore size, Agilent Technolo-
gies, USA) using a guard column (ZORBAX SB-C18 4.6 x 125 mm, 5 um pore size, Agilent
Technologies, USA), at ambient temperature. The mobile phase was acidified HO (0.05%
formic acid) (A) and acetonitrile (B). The gradient used was as follows: 0 min, 50% B;
5 min, 52% B; 10 min, 55% B; 13 min, 90% B; 15 min, 100% B (held until min 22); 25 min, 50%
B, with a flow rate of 1 mL/min. The wavelength of detection was set at 210 nm. Before
injection, samples were passed through a 0.45 um filter (Millipore SAS, Molsheim, France)
and 20 puL were injected. For the quantification of carvacrol and thymol linear regression
models were calculated using standard dilution techniques. Results were expressed as mg
of phenolic compound/g of feed.
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2.4. Sample Collection and Preparation
2.4.1. Samples for the Study of the Histological Parameters

The samples were taken at the end of the experimental period when the piglets were
ten weeks old. The number of animals sampled was 2 per experimental group in each
replicate, 140 in total. All the animals sacrificed to obtain samples weighed 20 &+ 1 kg.
The samples were obtained from the jejunum and ileum. Samples were taken from each
anatomical region: 140 from the jejunum and 140 from the ileum.

Sample processing was carried out as in Serrano-Jara et al. [45]. The samples were
stained with Hematoxylin-Eosin (HE). Subsequently, morphometric evaluation was carried
out with an optical microscope at 10 x magnification. In each sample, 10 villi were located.
The choice of villi was based on the location of the quiliferous duct. The height and width
of the villi and the depth of the crypt were measured using the SPOT Advanced software
version 4.0.5 (SPOT Imaging, Diagnostic Instruments Inc., Sterling Heights, MI, USA).

Villus height was measured from the final tip of the villus to the base, where the crypt
begins; the width of the villus was measured by drawing a perpendicular line from one
lateral end of the villus to the other; the depth of the crypt was made from its attachment to
the villus to the beginning of the muscular layer of the mucosa. Subsequently, the villus
height/crypt depth index was calculated.

2.4.2. Samples for the Study of Intestinal Microbiome Indicator Bacteria

To assess the intestinal flora of the piglets, the isolation and identification of gut health
indicator bacteria (E. coli and Lactobacillus spp.) was carried out.

Serial decimal dilutions (—1, —2, —3, —4, —5, —6, —7, —8, —9) were made from
140 cecal content samples (£1 g) to detect and quantify the presence of commensal
E. coli and Lactobacillus spp. isolation was performed by culturing the different dilutions
in the specific media for the aforementioned microorganisms: E. coli in RAPID’E. coli and
Lactobacillus spp. in Rogosa.

2.4.3. Study of E. coli AMR

Due to time and budget constraints, the AMR study was only performed in samples
from the following experimental groups that included the control, ZnO and the higher
doses of additives studied: OEO 1.2%, PGP 2% and OEO 1.2% + PGP 2%.

Seven antibiotics were used: ciprofloxacin (fluoriquinolones), nalidixic acid (fluo-
riquinolones), ceftazimide (cephalosporins), colistin (polymyxin), ampicillin (beta lactams),
gentamicin (amino glycosides) and tetracycline (tetracyclynes).

The Minimum Inhibitory Concentration (MIC) of each antibiotic was used to mon-
itor resistance in the commensal indicator E. coli taken from cecal content samples. The
procedure consisted of determining the growth of the microorganism in the presence of
increasing concentrations of the antimicrobial, which was diluted in the culture medium. Its
MIC was considered at the lowest concentration of antibiotic at which there was no growth.

The resistance profile to antibiotics for veterinary use was analysed in 81 randomly
selected E. coli isolates, distributed among the different study groups included in this part
of the experiment. All the isolates were analysed at the end of the study to have the same
analytical conditions during the laboratory work. The E. coli strain (CECT 434) was used
as a control microorganism, which is the strain recommended by the Spanish collection of
type cultures for MIC tests in clinical isolates.

Antibiotics were prepared from their commercial standards and diluted in a stock
dilution, which was frozen in aliquots and kept at —80 °C. At the time of use, an aliquot was
thawed and serial solutions were made in the cut-off ranges and concentration intervals
indicated in Decision 2013/652/UE [47].

A Trypticasein Soy Broth (TSB) suspension for bacterial growth was prepared from
a 24 h culture and compared to a turbidity of 0.5 Mc Farland. In 96-well plates, the
micro-dilution of the isolate and the antibiotics was carried out, obtaining the appropriate
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concentration. All the standardizations of the bacteria were confirmed by seeding and
quantification in a selective medium.

To perform the MIC tests, the concentration intervals (mg/L) and the epidemiological
cut-off value specified in Decision 2013/652/UE [47] were used. The MICs at which
50% and 90% of the isolates were inhibited by the antibiotic were defined as MIC50 and
MIC90 respectively.

The categories established by the European Medicines Agency were used to classify
the antibiotics for which the resistance of the E. coli isolate was evaluated.

2.5. Statistical Analysis

The statistical variables of the OEO and the PGP components were carvacrol and
thymol and y-glutamyl-S-allylthio-cysteine, y-glutamyl-S-methylcysteine, y-glutamyl-S-
allycysteine, total sulphur compounds and aliin. The statistical variables of intestinal
morphometry studied were jejunum and ileum villus height, thickness and depth. Colony
counts of commensal E. coli and Lactobacillus spp. were used as statistical variables. The
values for intestinal morphometry parameters and colony counts of the two samples per
replicate were averaged. Proportions and frequency values were used to quantify AMR
values in E. coli.

The data were analysed using the statistical software IBM SPSS Statistics (version 26.0).
All data were evaluated for normality using the Shapiro—Wilk test. Data were normally
distributed and presented as mean + standard deviation of the mean (SD) and compared
using the one-way ANOVA test, followed by Tukey’s multiple comparisons test. The value
of p < 0.05 was used to indicate significance in all analyses.

3. Results

3.1. Quantification of Major Active Components of Oregano Essential Oil in Pre-starter and
Starter Feeds

The results concerning the variation in concentration of carvacrol and thymol in both
feeds, from the beginning to the end of the experimental stage are shown in Table 2.

Table 2. Quantification of major active components of oregano essential oil in pre-starter and
starter feeds.

o Carvacrol Thymol

OEO % Storage Days (mg/kg Feed) (mg/kg Feed)
0 275.32 + 18.99 2 14.73 4+ 0.98

0.4%
15 24474 +2.07° 13.14 +£0.14°
0 856.31 & 27.44 2 46.67 +1.232

Pre-starter 1.2%
15 720.09 +1.95b 39.32 +1.36 P
0 930.52 =+ 30.81 2 4944 4+ 1552

1.2% + PGP 2%

15 794.33 + 38.54 P 4613 +1.79P
0 214.92 + 6.352 13.10 £+ 0.30 2

0.4%
34 187.54 + 3.84 P 1144 +0.40°
0 845.72 + 33542 4634 4+ 1.452

Starter 1.2%
34 583.38 +9.74 b 30.16 &+ 1.34 P
0 917.89 + 42232 4474 4+ 2732

1.2% + PGP 2%

34 655.63 +11.23P 3292 +2.18P

The letters (a, b) indicate statistically significant differences between the days of storage (considered within
each level of supplementation and its corresponding feed) at p < 0.05. Values are (n = 3 + standard deviation);
OEOQ: oregano essential oil; PGP: purple garlic powder.
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A statistically significant (p < 0.05) detriment in the concentration of these two bioactive
components was detected. A loss close to 30% in the starter feed supplemented with 1.2%
of OEO was quantified after 34 days of storage.

3.2. Analysis of Bioactive Components of PGP in the Feed Preparation

Related to the analysis of bioactive components of PGP in the feed preparation, the
chromatographic analysis (HPLC-MS/MS) allowed for the identification of a total of nine
major sulphur components, mainly derived from cysteine. Among them, alliin and -
Glutamyl-S-allylcysteine (representing almost two thirds of the total content of sulphur
compounds identified) stand out as the major compounds quantified (Table 3).

Table 3. Quantification of major active components of purple garlic powder in pre-starter and
starter feeds.

v-Glutamyl-S-

v-Glutamyl-S- v-Glutamyl-S- Total Sulphur

b Allylthio-Cysteine  Methylcysteine Allylcysteine Compounds (mg/kg) Aliin
PGP 0.4%

Pre-start 0 18.72 + 1.51 2 18.82 +1.332 101.79 +1.702 338.72 4+9.16 2 5.13 + 1.06
re-starter 15 17.06 + 1.39 @ 1712 +1.102 91.61 + 4.03° 314.07 + 11.42° 4.88 4+ 0.92
Start 0 17.63 + 2.54 2 19.48 + 1.472 113.82 + 15.74 2 343.81 4+ 7.982 5.57 + 0.63

arter 34 12.24 +1.84P 13.24 + 098P 80.46 + 3.88° 271.17 4 16.04 P 4.67 4 0.64
PGP 2%

Pre-start 0 304.92 4+ 10.74 2 193.14 +£5.832  1309.30 + 27.74 2 1913.27 4 30.52 2 141.6 + 6.46 2
re-starter 15 270.07 + 7.72 b 17195 + 392  1169.53 + 35.14P 1692.44 + 15.55 P 132.9 + 6.422
Start 0 31112 + 7.26 2 187.74 + 4632 1275.35 4+ 35.93 2 1896.86 + 42.15 2 146.5 + 8.452

arter 34 21523 4+ 551 P 119.67 + 6.81P 844.61 +1.71° 1312.71 4 54.85P 119.7 + 8.51 b
PGP 2% + OEO 1.2%

Pre-start 0 296.49 + 6.66 2 190.18 £2.602  1279.78 + 36.28 2 1872.91 + 72.16 2 136.75 + 4.14 2
re-starter 15 264.30 + 4.18P 170.08 £7.15> 112433 4+ 32.75P 1637.55 + 26.70 P 126.71 & 8.252
Start 0 306.38 + 10.73 2 186.65 +7.202  1278.07 + 42.712 1918.79 + 68.07 141.35 + 8.06 2

arter 34 217.72 4+ 13.83 P 124.33 +3.02P 855.41 4 7.34 P 1382.76 + 96.07 P 116.53 + 9.83 P

The letters (a, b) indicate statistically significant differences between the days of storage (considered within
each level of supplementation and its corresponding feed) at p < 0.05; values are (1 = 3 & standard deviation);
OEQ: oregano essential oil; PGP: purple garlic powder.

The total content refers to the sum of all sulphur compounds, including y-L-glutamyl-5-(2-
carboxy-1-propyl) cysteinylglycine, allyl ethyl sulphide, S-1-propenyl-L-cysteine, S-allylcistein
and S-propyl-L-cistein, that were quantified as y-glutamyl-S-allyl-cysteine equivalents.

The organosulphur profile of the PGP added to the feeds was analysed at the end of
both feeding stages (pre-starter and starter). In the pre-starter feed, for the three enriched
diets, the reduction in concentration after 15 days of storage ranged from 9 to 13%. However,
after 34 days, the degradation process occurred to a bigger extent, and the range of losses
varied between 30 and 36% with respect to the initial concentration.

3.3. Intestinal Morphometry Parameters

Regarding the height of the villi, no significant differences were found between the
treatments (p > 0.05) (Table 4).

The results referring to the width of the villi did show significant differences
(p < 0.05). The highest values corresponded to the PGP 0.4% (162.15 & 14.06 pm) and the
control group (160.11 £ 17.33 pm), which showed significant differences with the OEO 1.2%
(141.80 + 17.43 um) and the combined dose of OEO 1.2% and PGP 2% (130.86 4+ 11.88 pum)
that obtained the lowest values (Table 4).
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Table 4. Intestinal morphometry parameters (um) of the jejunum for the different experimental
groups (n = 20).

JVH JVT JCD JVH:JCD
Group
Mean + SD Mean + SD Mean + SD Mean + SD
Control Group 406.39 £+ 57.16 160.11 +17.33 € 287.53 + 46.84 1.46 +0.40
ZnO 387.36 + 66.58 147.81 + 12.78 b¢ 279.50 + 44.42 1.43 £ 0.37
OEO 0.4% 402.00 £ 53.79 154.50 + 16.16 ¢ 298.73 £ 56.33 1.40 +0.33
OEO 1.2% 421.84 £ 50.80 141.80 +17.83 2P 282.07 £ 50.40 1.54 £ 0.32
PGP 0.4% 380.02 £ 58.56 162.15 £ 14.06 ¢ 272.15 + 46.57 1.46 £+ 0.44
PGP 2% 414.84 +59.12 152.15 4 16.00 b¢ 268.01 £ 34.08 1.58 £ 0.35
OEO 1.2% + PGP 2% 436.43 + 49.18 130.86 = 11.88 2 261.12 + 35.64 1.70 £ 0.25
p-value >0.05 <0.05 >0.05 >0.05
The letters (a, b, c) indicate statistically significant differences between the groups (p < 0.05); JVH: jejunum villus
height; JVT: jejunum villus thickness; JCD: jejunum villus depth; SD: standard deviation. OEO: oregano essential
oil; PGP: purple garlic powder.
Regarding the depth of the crypts and the relationship between villi height and crypt
depth, no significant differences were found between the treatments (p > 0.05) (Table 4).
In relation to the height of the villi, no significant differences were found between the
treatments (p > 0.05) (Table 5).
Table 5. Intestinal morphometry parameters (um) of the ileum for the different experimental groups
(n =20).
IVH IVT ICD IVH:ICD
Group
Mean + SD Mean + SD Mean + SD Mean + SD
Control Group 366.96 £ 65.93 154.81 4+ 13.79 2 294.98 + 43.48 1.28 £ 0.32
ZnO 405.78 £ 62.01 155.60 + 11.15 2P 285.86 + 51.56 1.47 £0.35
OEO 0.4% 376.48 £ 67.02 153.11 £13.822 288.86 + 35.11 1.32 £ 0.26
OEO 1.2% 395.61 £ 50.70 14549 £+ 18.39 2 270.41 £ 50.11 1.53 +£0.43
PGP 0.4% 369.33 + 33.87 170.50 + 22.19 ° 282.43 +41.49 1.34 +0.24
PGP 2% 387.17 +49.77 156.31 + 17.51 2P 266.84 £ 31.68 1.48 £0.31
OEO 1.2% + PGP 2% 416.07 + 31.08 140.43 £11.45° 268.79 + 34.15 1.58 £+ 0.28
p-value >0.05 <0.05 >0.05 >0.05

The letters (a, b) indicate statistically significant differences between the groups (p < 0.05); IVH: ileum villus
height; IVT: ileum villus thickness; ICD: ileum villus depth; SD: standard deviation. OEO: oregano essential oil;
PGP: purple garlic powder.

The results for the width of the villi did present significant differences (p < 0.05). The
highest value corresponded to PGP 0.4% (170.50 4 22.19 um), which showed significant
differences with the combined dose of OEO 1.2% and PGP 2% (140.43 4+ 11.45 um), and
OEO 1.2% (145.49 £ 18.39 pm) and OEO 0.4% (153.11 + 13.82 um), but not with the other
treatments (Table 5).

Regarding the depth of the crypts and the relationship between the height of the villi
and the depth of the crypts, no significant differences were found between the treatments
(p > 0.05) (Table 5).

3.4. Quantification of Intestinal Microbiota Indicators from Cecal Content

In relation to the effect on the E. coli counts of the high and low doses of the additives
studied (Table 6), there were only significant differences between the control group and the
Zn0O (p < 0.05).
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Table 6. Values of the microbiological counts of E. coli and Lactobacillus spp. from cecal content

(n =20).
Group E. coli £ SD Lactobacillus spp. = SD L:E £+ SD
Control 537 £1.562 6.71 £ 0.88 1.35 +0.49
ZnO 6.56 +1.29 6.88 £ 1.04 1.06 + 0.21
OEO 0.4% 6.14 + 1.06 7.09 £ 0.77 1.17 £ 0.17
OEO 1.2% 5.47 4 0.96 2P 716 £1.31 1.26 £ 0.17
PGP 0.4% 579 +1.17 2 6.62 £ 0.74 1.17 £0.21
PGP 2% 5.80 + 0.79 2P 732 +1.14 1.27 £ 0.16
OEO 1.2% + PGP 2% 5.64 +1.13 2 6.45 £ 0.57 1.16 £0.13
p-value <0.05 >0.05 >0.05

The letters (a, b) indicate statistically significant differences between the groups (p < 0.05); SD: standard deviation;
L:E is the ratio between Lactobacillus spp. and E. coli; OEO: oregano essential oil; PGP: purple garlic powder.

Regarding the counts of Lactobacillus spp. and the Lactobacillus: E. coli ratio (L:E)
(Table 6), statistically significant differences were not observed.

3.5. AMR Monitoring in Commensal E. coli

The values of MIC50 and MIC90 (Table 7), all values were above the epidemiological
cut-off value (>16). In relation to the resistance percentages found (Table 8), with respect
to category A, there was 100% resistance to nalidixic acid in all the groups. Regarding
ciprofloxacin, values above 50% resistance were observed in all groups.

Table 7. Minimum Inhibitory Concentration (MIC) 50 and MIC 90 results for the studied
E. coli isolates.

o e Epidemiological
Group Isolates Antibiotics MIC50 MIC90 Cut-Off Value
Ciprofloxacin 2 >8 >0.064
Nalidixic acid >128 >128 >16
Ceftazidime <0.5 >8 >0.5
Control 12 Colistin 1 8 >2
Ampicillin >64 >64 >8
Gentamicin 8 >32 >2
Tetracycline 16 >64 >8
Ciprofloxacin 0.06 2 >0.064
Nalidixic acid 64 >128 >16
Ceftazidime <0.5 >8 >0.5
ZnO 12 Colistin 2 >16 >2
Ampicillin >64 >64 >8
Gentamicin 8 >32 >2
Tetracycline 64 64 >8
Ciprofloxacin 0.12 1 >0.064
Nalidixic acid 64 >128 >16
Ceftazidime 1 8 >0.5
OEO 1.2% 18 Colistin <1 <1 >2
Ampicillin >64 >64 >8
Gentamicin 4 4 >2

Tetracycline <2 >64 >8
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Table 7. Cont.

e Epidemiological
Group Isolates Antibiotics MIC50 MIC90 Cut-Off Value
Ciprofloxacin 2 >8 >0.064
Nalidixic acid >128 >128 >16
Ceftazidime 0.5 >8 >0.5
PGP 2% 21 Colistin 1 >16 >2
Ampicillin >64 >64 >8
Gentamicin >32 >32 >2
Tetracycline 64 >64 >8
Ciprofloxacin 4 >8 >0.064
Nalidixic acid >128 >128 >16
Ceftazidime <5 >8 >0.5
OEO 1.2% + PGP 2% 18 Colistin <1 2 >2
Ampicillin >64 >64 >8
Gentamicin 4 >32 >2
Tetracycline 64 >64 >8

The number of isolates studied for each antibiotic was 81.

Table 8. Percentage of strains resistant to each antibiotic studied according to EMA category [19].

Ciprofloxacin Nalidixic Acid Ceftazidime Colistin Ampicillin Gentamicin  Tetracycline

Group Isolates Fluoroquinolones  Fluoroquinolones Cephalosporins Polymyxins Beta Lactams Gll; ::)lsrilges Tetracyclines
A A B B C C D
% % % % % % %
Control 12 83 100 17 17 75 92 75
ZnO 12 50 100 33 25 83 92 67
OEO 1.2% 18 55 100 73 0 100 83 33
PGP 2% 21 92 100 52 25 100 100 92
OEO 1.2% + 18 61 100 2 6 83 %4 61

PGP 2%

Antimicrobial family and EMA category (A, B, C, D) have been included below each studied antibiotic.

For category B (Tables 7 and 8), the lowest percentages of resistance in the study were
found. Regarding ceftazidime, the lowest resistance values were found in the control group
(17%) and the highest in OEO 1.2% (73%) and PGP 2% (50%). The MIC50 was below the
epidemiological cut-off value (>0.5) for all groups, except for the OEO 1.2%, which had a
MIC50 of 1.

Regarding colistin, there was 0% resistance in the OEO 1.2%. The highest percentages
of resistance were found in ZnO (25%) and PGP 2% (25%). In relation to the MIC50, all
groups had values below the epidemiological cut-off value (>2). The lowest MIC90 value
was for the OEO 1.2% group (<1).

For category C (Tables 7 and 8), ampicillin and gentamicin were studied. For ampicillin,
there were very high percentages of resistance, reaching 100% for PGP 2% and OEO 1.2%.
MIC50 and MIC90 values were above the maximum concentration studied (>64).

In relation to gentamicin, 100% of the isolates studied in the PGP 2% group were
resistant. The resistance values were above 80% for all groups. All MIC50 and MIC90
values were above the E. coli epidemiological cut-off value for gentamicin (>2).

The only category D (Tables 7 and 8), antibiotic studied was tetracycline. The lowest
percentage of resistance was that of the OEO 1.2% group (36%). The highest value was
shown by the PGP 2% (92%).

Regarding the MIC50 values, the group that showed values below the epidemiological
cut-off value (>8) was the OEO 1.2% (<2). All the groups studied had a value for MIC90 of
>64 except ZnO, which had a value of 64.
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4. Discussion

One of the major concerns regarding the bioactivity of natural matrices is their pro-
cessing and storage conditions. Deviations in relative concentration or even degradation of
these active components may lead to deep variations in their efficacy of use [48].

Previous assays, regarding the stability of the encapsulated OEO stored for three
months at room temperature (25 °C), were accomplished in our laboratory. Results showed
high stability of the carvacrol content in the charged micro-particles since the concentration
varied from 73 £ 4.24 to 70 & 2.26 (mg of carvacrol/g encapsulated particle) at the end of
the experiment (unpublished results). In this research, under unfriendly environmental
conditions, the losses observed in the OEO phenolic components could be associated
with the relatively high temperatures in this Mediterranean area, along with the possible
oxidation processes, and their potential chemical interactions with other components of the
feed matrix [49].

In line with this, Giines et al. [50] published that the oxidation of these phenolic
components may result in the formation of thymo-hydroquinone and benzoquinones.
However, later studies carried out by Soliman et al. [51] pointed to the stability of carvacrol
and thymol under oxidative conditions (hydrogen peroxide-induce degradation), and after
photo and thermal degradation studies. This agrees with our findings since the HPLC
analysis of the feeds after storage did not reflect the presence of these quinone degradation
products. In relation to the chemical interactions of carvacrol with some constituents of
the feed matrices, Wang et al. [49] showed the effect of the food composition on carvacrol
migration. For these authors, the fat content has significant effects on carvacrol absorption
in ground beef products, reducing at a significant level the antimicrobial activity of this
phenolic component. Relative to the third factor under study, temperature, a decrease
near 61.84% in carvacrol content was described by Fraj et al. [52] in polycaprolactone
nanocapsules/microspheres of OEO stored at 40 °C.

According to these results, it could be considered that the losses of phenolic com-
pounds from OEO in both feeds are mostly associated with the temperature (21 4= 10 °C)
of the local area (Spanish Southeast) during the experimental trial (April-December, 2019)
and their possible interactions with some components of the feed matrices.

The presence of organosulphur compounds in garlic has been previously described by
several authors in the scientific literature. Thus, Salehi et al. [53] described allicin as the
main bioactive compound in garlic representing 70-80% of the total organosulphur content.
However, for Moreno-Ortega et al. [54] in fresh garlic, cycloalliin was the major organosul-
phur component identified. A different profile to the one described for PGP in Table 3 was
found in whole garlic by Amagase et al. [55]. For these authors, the organosulphur profile
of intact garlic is typically composed of 1% alliin, together with (1)-S-methyl-L-cysteine
sulfoxide (methiin) and (1)-S-(trans-1-propenyl)-L-cysteinesulfoxide, S-(2-carboxypropyl)
glutathione, y-glutamyl-S-allyl-L-cysteine, y-glutamyl-S-(trans-1-propenyl)-L-cysteine and
v-glutamyl-S-allyl-mercapto-L-cysteine.

The purple garlic used in this study is a native ecotype of Allium sativum, so differences
in quantitative composition can be attributed to the intraspecific variability that normally
occurs among ecotypes of this species [56].

One of the major concerns regarding the use of these organosulphur extracts is their
lack of chemical stability. It is well known that these active compounds are susceptible to
degradation, volatilization and oxidation when exposed to harsh environmental conditions,
such as high temperature, oxygen, and light [57].

The losses in the organosulphur profile were expected since, according to Horni¢kova
et al. [58], one of the main groups of components that increase their concentrations, because
of a degradation process in garlic, are S-alk(en)ylcysteine sulfoxides. These components
come from the conversion of the corresponding c-glutamyl dipeptides to sulfoxides. The
study of the degradation process was not included among the main objectives of this work,
but rather it was intended to guarantee that at the end of the experimental trial, the animals
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were receiving an adequate concentration of bioactive components that help them improve
their intestinal health.

This study was carried out on a commercial farm where the frequent use of vegetable
additives makes it essential to study the degradation of their active components and
their effects.

Regarding the morphometry of the villi in our study, the highest doses of PGP and
OEO and their combination obtained the most favorable results, surpassing in some cases
the values for the ZnO group. The group that received the combination of OEO and PGP
showed longer and narrower villi and less deep crypts in the jejunum and ileum. This effect
has a direct impact on intestinal absorption and the consequent growth since a greater
surface area implies greater nutrient absorption [59,60]. Tatara et al. [61] published positive
results based on the use of aged garlic extract and allicin on the morphometric properties of
broilers' intestinal villi. OEO and PGP in high doses and combined have been found to have
a positive effect on the intestine, both structurally and immunologically [47]. However, low
doses at 0.4% had a better effect on oxidative stress parameters [42]. The results indicate the
need to continue refining the correct dosage of these additives to reach their full potential.

In our research, we see how the highest count of Lactobacillus spp. colonies appear to
be using the PGP 2%. But, there are no significant differences between the different groups.
Regarding the E. coli count, the ZnO group did not show significant differences with any of
the additives used. Among the additives, the high doses and their combination showed the
lowest E. coli values.

Likewise, the fecal count of E. coli was significantly reduced in a study on the supple-
mentation of this additive in piglets [61]. Also, it was observed in a study carried out on
adult sows that when supplementing with garlic powder, there was less proliferation of
pathogens in the intestinal microbiota. This decrease or absence of pathogenic species in
the microbiota of cattle means that its use can be considered in the future as an effective
alternative in the prevention of some bacterial diseases. In addition, garlic can enhance
the cellular and humoral response of the immune system by stimulating various cells
or mechanisms [62]. It should be noted that various scientific investigations show that
garlic extract improves the digestibility of nutrients in broilers and increases feed intake in
lactating pigs.

Regarding the AMR monitoring in commensal E. coli from cecal content, the isolates
from the OEO 1.2% group showed no resistance to colistin and presented the lowest
resistance values for most of the studied antibiotics in comparison with the rest of the
experimental groups.

In other studies, on OEQ, it was shown how carvacrol inhibited flagellin, and, therefore,
flagellar development, leaving E. coli O157:H7 immobile due to a heat shock of protein [63].
In addition, numerous in vitro studies show that this additive has a lower Minimum
Inhibitory Concentration (MIC) for pathogenic species such as E. coli, Clostridium spp. and
Salmonella spp., in relation to commensal or positive as Enterococcus spp. or Lactobacillus
spp. That is, it can favor the growth of beneficial flora, and, therefore, the intestinal health
of animals [64].

We observed high levels of AMR in antimicrobials from all categories. This is a
worrisome result, even more so considering that antimicrobials from categories that are
not used in animal production were also studied. However, we did not identify any
specific patterns of resistance due to sampling and testing limitations. Therefore, further
investigation should be carried out to identify AMR patterns in pigs and possible relations
with the use of feed additives.

5. Conclusions

Despite the degradation in the absolute concentration of the phenolic and allylic
components in the feeding trial, the remaining concentration was still active, which could
be related to the beneficial effect of the components used.
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OEO 1.2%, PGP 2% and their combination showed a similar or superior beneficial
effect to ZnO on the studied parameters of intestinal villi and crypts. The additives,
especially high doses, positively influenced the regulation of the intestinal microbiota of
piglets during the transition phase, they showed similar and lower levels than ZnO in the
E. coli count and similar or higher in that of Lactobacillus spp. Both nutraceuticals show
potential as possible substitutes for ZnO and further study is needed to better define their
effects and establish their dosage.

The E. coli isolates studied showed very high resistance levels to antimicrobials from
several categories, including some reserved for human medicine. This finding highlights
that proper regulation of the use of antimicrobials is of vital importance to limit the spread
and prevent the development of AMR.

Author Contributions: Conceptualization: M.].C.P. and C.M.-C.; results analysis: ].R.-G., D.S.-]. and
M.].].; funding and resources acquisition: M.J.C.P. and J.A.T.; methodology: J.R.-G., CM.-C. and
M.].].; supervision: M.J.C.P;; writing, review, and editing D.S.-]. and J.R.-G. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the DALLAND CDTi IDI-20180830 grant “NATURPORKS”
(2018-2021) from the Center for Industrial Technological Development (CDTI) of the Ministry of
Science, Innovation, and Universities and cofinanced by FEDER funds through the Intelligent Growth
Operational Program.

Institutional Review Board Statement: The University of Murcia, through the Ethical Committee for
Animal Experimen-tation (CEEA), approved the experimental protocols used in the study (Autho-
rization Code 471/2018). Animal handling was carried out in accordance with current legisla-tion on
animal welfare in the EU.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and analysed during the current study are available
from the corresponding author on reasonable request.

Acknowledgments: The collaborators especially thank the project partners from the Universidad de
Murcia, Antonio Bernabé and Julio Otal.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Gresse, R,; Chaucheyras-Durand, F; Fleury, M.A.; Van de Wiele, T.; Forano, E.; Blanquet-Diot, S. Gut Microbiota Dysbiosis in
Postweaning Piglets: Understanding the Keys to Health. Trends Microbiol. 2017, 25, 851-873. [CrossRef] [PubMed]

2. Han, Y.-K.; Thacker, P.A. Effects of Antibiotics, Zinc Oxide or a Rare Earth Mineral-Yeast Product on Performance, Nutrient
Digestibility and Serum Parameters in Weanling Pigs. Asian-Australasian. J. Anim. Sci. 2010, 23, 1057-1065. [CrossRef]

3. Sargeant, H.R.; McDowall, K.J.; Miller, H.M.; Shaw, M.-A. Dietary Zinc Oxide Affects the Expression of Genes Associated with
Inflammation: Transcriptome Analysis in Piglets Challenged with ETEC K88. Vet. Immunol. Immunopathol. 2010, 137, 120-129.
[CrossRef] [PubMed]

4. Cavaco, L.M.; Hasman, H.; Stegger, M.; Andersen, P.S.; Skov, R.; Fluit, A.C.; Ito, T.; Aarestrup, EM. Cloning and Occurrence of
CzrC, a Gene Conferring Cadmium and Zinc Resistance in Methicillin-Resistant Staphylococcus aureus CC398 Isolates. Antimicrob.
Agents Chemother. 2010, 54, 3605-3608. [CrossRef] [PubMed]

5. Cavaco, L.M.; Hasman, H.; Aarestrup, FM. Zinc Resistance of Staphylococcus aureus of Animal. Vet. Microbiol. 2011, 150, 344-348.
[CrossRef]

6. Standing Committee on Veterinary Medicinal Products of the European Commission Concerning, in the Framework of Article
35 of Directive 2001/82/EC of the European Parliament and of the Council, the Marketing Authorizations for Veterinary
Medicinal Products Containing “Zinc Oxide” to Be Administered Orally to Food Producing Species. CIRCABC. Available online:
https://circabc.europa.eu/w/browse/c34aaal2-dd3a-4628-8650-67f453eal707 (accessed on 21 May 2022).

7. Gelberg, H.B. Comparative Anatomy, Physiology, and Mechanisms of Disease Production of the Esophagus, Stomach, and Small
Intestine. Toxicol. Pathol. 2014, 42, 54—66. [CrossRef]

8. Sangild, P.T,; Thymann, T.; Schmidt, M.; Stoll, B.; Burrin, D.G.; Buddington, R K. Invited Review: The Preterm Pig as a Model in

Pediatric Gastroenterology. J. Anim. Sci. 2013, 91, 4713-4729. [CrossRef]


https://doi.org/10.1016/j.tim.2017.05.004
https://www.ncbi.nlm.nih.gov/pubmed/28602521
https://doi.org/10.5713/ajas.2010.90569
https://doi.org/10.1016/j.vetimm.2010.05.001
https://www.ncbi.nlm.nih.gov/pubmed/20605641
https://doi.org/10.1128/AAC.00058-10
https://www.ncbi.nlm.nih.gov/pubmed/20585119
https://doi.org/10.1016/j.vetmic.2011.02.014
https://circabc.europa.eu/w/browse/c34aaa12-dd3a-4628-8650-67f453ea1707
https://doi.org/10.1177/0192623313518113
https://doi.org/10.2527/jas.2013-6359

Animals 2024, 14,111 15 0f 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Burrin, D.G,; Stoll, B.; Jiang, R.; Chang, X.; Hartmann, B.; Holst, J.J.; Greeley, G.H., Jr.; Reeds, PJ. Minimal Enteral Nutrient
Requirements for Intestinal Growth in Neonatal Piglets: How Much Is Enough? Am. |. Clin. Nutr. 2000, 71, 1603-1610. [CrossRef]
Davis, M.E.; Sears, S.C.; Apple, ] K.; Maxwell, C.V.; Johnson, Z.B. Effect of Weaning Age and Commingling after the Nursery
Phase of Pigs in a Wean-to-Finish Facility on Growth, and Humoral and Behavioral Indicators of Well-Being. J. Anim. Sci. 2006,
84,743-756. [CrossRef]

Verdonk, J.; Spreeuwenberg, M.A.M.; Bakker, G.C.M.; Verstegen, M.W.A. Nutrient Intake Level Affects Histology and Permeability
of the Small Intestine in Newly Weaned Piglets. In Proceedings of the 8th Symposium, Swedish University of Agricultural
Sciences, Uppsala, Sweden, 20-22 June 2000; pp. 332-334. [CrossRef]

Cera, K.R,; Mahan, D.C,; Cross, R.F,; Reinhart, G.A.; Whitmoyer, R.E. Effect of Age, Weaning and Postweaning Diet on Small
Intestinal Growth and Jejunal Morphology in Young Swine. J. Anim. Sci. 1988, 66, 574-584. [CrossRef]

Hampson, D.J.; Kidder, D.E. Influence of Creep Feeding and Weaning on Brush Border Enzyme Activities in the Piglet Small
Intestine. Res. Vet. Sci. 1986, 40, 24-31. [CrossRef] [PubMed]

Kelly, D.; Smyth, J.A.; McCracken, K.J. Digestive Development of the Early-Weaned Pig: 1. Effect of Continuous Nutrient Supply
on the Development of the Digestive Tract and on Changes in Digestive Enzyme Activity during the First Week Post-Weaning. Br.
J. Nutr. 1991, 65, 169-180. [CrossRef] [PubMed]

Lalles, J.-P; Bosi, P,; Smidt, H.; Stokes, C.R. Nutritional Management of Gut Health in Pigs around Weaning. Proc. Nutr. Soc. 2007,
66, 260-268. [CrossRef] [PubMed]

Pié, S.; Lallés, J.P; Blazy, E; Laffitte, J.; Seve, B.; Oswald, L.P. Weaning Is Associated with an Upregulation of Expression of
Inflammatory Cytokines in the Intestine of Piglets. . Nutr. 2004, 134, 641-647. [CrossRef]

Schokker, D.; Zhang, J.; Vastenhouw, S.A.; Heilig, H.G.H.J.; Smidt, H.; Rebel, ].M.].; Smits, M.A. Long-Lasting Effects of Early-Life
Antibiotic Treatment and Routine Animal Handling on Gut Microbiota Composition and Immune System in Pigs. PLoS ONE
2015, 10, e0116523. [CrossRef] [PubMed]

EMA. Categorisation of Antibiotics in the European Union. Answer to the Request from the European Commission for Updating the
Scientific Advice on the Impact on Public Health and Animal Health of the Use of Antibiotics in Animals; European Medicines Agency:
Amsterdam, The Netherlands, 2019.

Rivera-Gomis, J.; Marin, P.; Martinez-Conesa, C.; Otal, J.; Jordan, M.].; Escudero, E.; Cubero, M.]. Antimicrobial Resistance of
Campylobacter jejuni, Escherichia coli and Enterococcus faecalis Commensal Isolates from Laying Hen Farms in Spain. Animals 2021,
11, 1284. [CrossRef] [PubMed]

Nowland, T.L.; Plush, K.J.; Barton, M.; Kirkwood, R.N. Development and Function of the Intestinal Microbiome and Potential
Implications for Pig Production. Animals 2019, 9, 76. [CrossRef]

Tan, EP.Y,; Beltranena, E.; Zijlstra, R.T. Resistant Starch: Implications of Dietary Inclusion on Gut Health and Growth in Pigs:
A Review. J. Anim. Sci. Biotechnol. 2021, 12, 124. [CrossRef]

Dhama, K.; Latheef, SK.; Mani, S.; Samad, H.A.; Karthik, K.; Tiwari, R.; Khan, R.U.; Alagawany, M.; Farag, M.R.; Alam, G.M.
Multiple Beneficial Applications and Modes of Action of Herbs in Poultry Health and Production—A Review. Int. |. Pharmacol.
2015, 11, 152-176. [CrossRef]

Zare, M,; Tran, H.Q.; Prokesova, M.; Stejskal, V. Effects of Garlic Allium sativum Powder on Nutrient Digestibility, Hematology,
and Immune and Stress Responses in Eurasian Perch Perca fluviatilis Juveniles. Animals 2021, 11, 2735. [CrossRef]

Santhosha, S.G.; Jamuna, P.; Prabhavathi, S.N. Bioactive Components of Garlic, and Their Physiological Role in Health Mainte-
nance: A Review. Food Biosci. 2013, 3, 59-74. [CrossRef]

Teshika, J.D.; Zakariyyah, A.M.; Zaynab, T.; Zengin, G.; Rengasamy, K.R.R.; Pandian, S.K.; Fawzi, M.M. Traditional and Modern
Uses of Onion Bulb (Allium cepa L.): A Systematic Review. Crit. Rev. Food Sci. Nutr. 2019, 59, S39-5S70. [CrossRef] [PubMed]
Wang, K.H.; Shi, S.R.; Dou, T.C.; Sun, H.J. Effect of a Free-Range Raising System on Growth Performance, Carcass Yield, and Meat
Quality of Slow-Growing Chicken. Poult. Sci. 2009, 88, 2219-2223. [CrossRef] [PubMed]

Al-Snafi, A.E. Pharmacological Effects of Allium Species Grown in Iraq. An Overview. Int. |. Pharm. Health Care Res. 2013, 1,
132-147.

Gu, X.; Wu, H; Fu, P. Allicin Attenuates Inflammation and Suppresses HLA-B27 Protein Expression in Ankylosing Spondylitis
Mice. Biomed Res. Int. 2013, 2013, 171573. [CrossRef] [PubMed]

Rahman, K.; Lowe, G.M. Garlic and Cardiovascular Disease: A Critical Review. J. Nutr. 2006, 136, 7365-740S. [CrossRef] [PubMed]
Puvaca, N.; Kostadinovi¢, L.; Popovi¢, S.; Levi¢, J.; Ljubojevi¢, D.; Tufarelli, V.; Jovanovi¢, R.; Tasi¢, T.; Ikoni¢, P.; Luka¢, D.
Proximate Composition, Cholesterol Concentration and Lipid Oxidation of Meat from Chickens Fed Dietary Spice Addition
(Allium sativum, Piper nigrum, Capsicum annuumy). Anim. Prod. Sci. 2015, 56, 1920-1927. [CrossRef]

Davis, S.R. An Overview of the Antifungal Properties of Allicin and Its Breakdown Products-the Possibility of a Safe and Effective
Antifungal Prophylactic. Mycoses 2005, 48, 95-100. [CrossRef]

Montafio, A.; Beato, V.M.; Mansilla, F.; Orgaz, F. Effect of genetic characteristics and environmental factors on organosulfur
compounds in garlic (Allium sativum L.) grown in Andalusia, Spain. J. Agric. Food Chem. 2011, 59, 1301-1307. [CrossRef]
Perez-Ortiz, ] M.; Galan-Moya, E.M.; de la Cruz-Morcillo, M.A.; Rodriguez, J.E.; Gracia, I.; Garcia, M.T.; Redondo-Calvo, EJ. Cost
Effective Use of a Thiosulfinate-Enriched Allium sativum Extract in Combination with Chemotherapy in Colon Cancer. Int. J. Mol.
Sci. 2020, 16, 2766. [CrossRef]


https://doi.org/10.1093/ajcn/71.6.1603
https://doi.org/10.2527/2006.843743x
https://doi.org/10.1079/9780851995175.0332
https://doi.org/10.2527/jas1988.662574x
https://doi.org/10.1016/S0034-5288(18)30481-8
https://www.ncbi.nlm.nih.gov/pubmed/3085180
https://doi.org/10.1079/BJN19910078
https://www.ncbi.nlm.nih.gov/pubmed/1904270
https://doi.org/10.1017/S0029665107005484
https://www.ncbi.nlm.nih.gov/pubmed/17466106
https://doi.org/10.1093/jn/134.3.641
https://doi.org/10.1371/journal.pone.0116523
https://www.ncbi.nlm.nih.gov/pubmed/25658611
https://doi.org/10.3390/ani11051284
https://www.ncbi.nlm.nih.gov/pubmed/33947120
https://doi.org/10.3390/ani9030076
https://doi.org/10.1186/s40104-021-00644-5
https://doi.org/10.3923/ijp.2015.152.176
https://doi.org/10.3390/ani11092735
https://doi.org/10.1016/j.fbio.2013.07.001
https://doi.org/10.1080/10408398.2018.1499074
https://www.ncbi.nlm.nih.gov/pubmed/30040448
https://doi.org/10.3382/ps.2008-00423
https://www.ncbi.nlm.nih.gov/pubmed/19762879
https://doi.org/10.1155/2013/171573
https://www.ncbi.nlm.nih.gov/pubmed/24324956
https://doi.org/10.1093/jn/136.3.736S
https://www.ncbi.nlm.nih.gov/pubmed/16484553
https://doi.org/10.1071/AN15115
https://doi.org/10.1111/j.1439-0507.2004.01076.x
https://doi.org/10.1021/jf104494j
https://doi.org/10.3390/ijms21082766

Animals 2024, 14,111 16 of 17

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Vokou, D.; Kokkini, S.; Bessiere, ].-M. Geographic Variation of Greek Oregano (Origanum vulgare Ssp. Hirtum) Essential Oils.
Biochem. Syst. Ecol. 1993, 21, 287-295. [CrossRef]

Zou, Y.; Hu, X.M.; Zhang, T.; Wei, HK.; Zhou, Y.E; Zhou, Z.X.; Peng, ]. Effects of Dietary Oregano Essential Oil and Vitamin E
Supplementation on Meat Quality, Stress Response, and Intestinal Morphology in Pigs Following Transport Stress. J. Vet. Med.
Sci. 2017, 79, 328-335. [CrossRef] [PubMed]

Kulisic, T.; Radonic, A.; Katalinic, V.; Milos, M. Use of Different Methods for Testing Antioxidative Activity of Oregano Essential
Oil. Food Chem. 2004, 85, 633—-640. [CrossRef]

Wei, H.; Chen, G.; Wang, R.-J.; Peng, ]. Oregano Essential Oil Decreased Susceptibility to Oxidative Stress-Induced Dysfunction of
Intestinal Epithelial Barrier in Rats. J. Funct. Foods 2015, 18, 1191-1199. [CrossRef]

Lambert, R.J.W.; Skandamis, PN.; Coote, PJ.; Nychas, G. A Study of the Minimum Inhibitory Concentration and Mode of Action
of Oregano Essential Oil, Thymol and Carvacrol. J. Appl. Microbiol. 2001, 91, 453-462. [CrossRef] [PubMed]

Si, W.; Gong, J.; Tsao, R.; Zhou, T.; Yu, H.; Poppe, C.; Johnson, R.; Du, Z. Antimicrobial Activity of Essential Oils and Structurally
Related Synthetic Food Additives towards Selected Pathogenic and Beneficial Gut Bacteria. J. Appl. Microbiol. 2006, 100, 296-305.
[CrossRef] [PubMed]

Suntres, Z.E.; Coccimiglio, J.; Alipour, M. The Bioactivity and Toxicological Actions of Carvacrol. Crit. Rev. Food Sci. Nutr. 2015,
55,304-318. [CrossRef]

Tan, C.; Wei, H.; Sun, H.; Ao, J.; Long, G.; Jiang, S.; Peng, J. Effects of Dietary Supplementation of Oregano Essential Oil to Sows
on Oxidative Stress Status, Lactation Feed Intake of Sows, and Piglet Performance. Biomed Res. Int. 2015, 2015, 525218. [CrossRef]
Liu, R; Yang, Y.N,; Yi, L.; Qing, J.; Li, Q.Y.; Wang, W.S.; Wang, J.; Tang, Y.X.; Tan, H. Diallyl disulfide effect on the invasion
and migration ability of HL-60 cells with a high expression of DJ-1 in the nucleus through the suppression of the src signaling
pathway. Oncol. Lett. 2018, 15, 6377-6385. [CrossRef]

Tessaro, P.S.; Meireles, A.M.; Guimaraes, A.S.; Schmitberger, B.; Almeida-Lage, M.L.; de Oliveira Patricio, P.S.; da Silva Martins,
D.C.; DeFreitas-Silva, G. The polymerization of carvacrol catalyzed by Mn-porphyrins: Obtaining the desired product guided by
the choice of solvent, oxidant, and catalyst. New . Chem. 2022, 46, 21136-21147. [CrossRef]

Rivera-Gomis, J.; Peres Rubio, C.; Martinez Conesa, C.; Otal Salaverri, J.; Ceron, ]J.J.; Tortosa, D.E.; Cubero Pablo, M.]. Effects of
Dietary Supplementation of Garlic and Oregano Essential Oil on Biomarkers of Oxidative Status, Stress, and Inflammation in
Postweaning Piglets. Animals 2020, 10, 2093. [CrossRef] [PubMed]

Serrano-Jara, D.; Rivera-Gomis, J.; Tornel, J.A.; Bernabé, A.; Martinez-Conesa, C.; Navarro, J.A.; Canovas, R.; Otal, J.; Cubero, M.].
Effects of Dietary Supplementation with Purple Garlic Powder and Oregano Essential Oil on Intestinal Health in Post-Weaning
Piglets from Commercial Farms. Vet. Res. Commun. 2023, 47, 901-909. [CrossRef] [PubMed]

Molina-Calle, M.; Sdnchez de Medina, V.; Priego-Capote, F.; Luque de Castro, M.D. Establishing compositional differences
between fresh and black garlic by a metabolomics approach based on LC-QTOF MS/MS analysis. J. Food Compos. Anal. 2017, 62,
155-163. [CrossRef]

EU Commission. Commission implementing decision 2013/652/EU of 12 November 2013 on the monitoring and reporting of
antimicrobial resistance in zoonotic and commensal bacteria. Off. J. EUR-Lex 2013, 303, 26-39.

Martins, N.; Petropoulos, S.; Ferreira, I.C.ER. Chemical Composition and Bioactive Compounds of Garlic (Allium sativum L.) as
Affected by Pre-and Post-Harvest Conditions: A Review. Food Chem. 2016, 211, 41-50. [CrossRef] [PubMed]

Wang, L.; Heising, J.; Fogliano, V.; Dekker, M. Fat Content and Storage Conditions Are Key Factors on the Partitioning and
Activity of Carvacrol in Antimicrobial Packaging. Food Packag. Shelf Life. 2020, 24, 100500. [CrossRef]

Giines, A.; Bayraktar, O.; Yilmaz, S. Liquid-Phase Oxidation of Carvacrol Using Zeolite-Encapsulated Metal Complexes. Ind. Eng.
Chem. Res. 2006, 45, 54-61. [CrossRef]

Soliman, R.M.; Salam, R.A.A; Eid, B.G.; Khayyat, A.; Neamatallah, T.; Mesbah, M.K.; Hadad, G.M. Stability Study of Thymo-
quinone, Carvacrol and Thymol Using HPLC-UV and LC-ESI-MS. Acta Pharm. 2020, 70, 325-342. [CrossRef]

Fraj, A.; Jaafar, F.; Marti, M.; Coderch, L.; Ladhari, N. A Comparative Study of Oregano (Origanum vulgare L.) Essential Oil-Based
Polycaprolactone Nanocapsules/Microspheres: Preparation, Physicochemical Characterization, and Storage Stability. Ind. Crops
Prod. 2019, 140, 111669. [CrossRef]

Salehi, B.; Zucca, P.; Orhan, LE.; Azzini, E.; Adetunji, C.O.; Mohammed, S.A.; Banerjee, S.K.; Sharopov, F.; Rigano, D.; Sharifi-Rad,
J. Allicin and Health: A Comprehensive Review. Trends Food Sci. Technol. 2019, 86, 502-516. [CrossRef]

Moreno-Ortega, A.; Pereira-Caro, G.; Ordodiiez, J.L.; Moreno-Rojas, R.; Ortiz-Somovilla, V.; Moreno-Rojas, ].M. Bioaccessibility of
Bioactive Compounds of Fresh Garlicand Black Garlicthrough in Vitro Gastrointestinal Digestion. Foods 2020, 9, 1582. [CrossRef]
[PubMed]

Amagase, H.; Petesch, B.L.; Matsuura, H.; Kasuga, S.; Itakura, Y. Intake of Garlic and Its Bioactive Components. J. Nutr. 2001, 131,
9555-962S. [CrossRef] [PubMed]

Martinez-Casas, L.; Lage-Yusty, M.; Lopez-Hernandez, J. Changes in the Aromatic Profile, Sugars, and Bioactive Compounds
When Purple Garlic Is Transformed into Black Garlic. J. Agric. Food Chem. 2017, 65, 10804-10811. [CrossRef] [PubMed]

Tavares, L.; Santos, L.; Norefia, C.P.Z. Bioactive Compounds of Garlic: A Comprehensive Review of Encapsulation Technologies,
Characterization of the Encapsulated Garlic Compounds and Their Industrial Applicability. Trends Food Sci. Technol. 2021, 114,
232-244. [CrossRef]


https://doi.org/10.1016/0305-1978(93)90047-U
https://doi.org/10.1292/jvms.16-0576
https://www.ncbi.nlm.nih.gov/pubmed/27916788
https://doi.org/10.1016/j.foodchem.2003.07.024
https://doi.org/10.1016/j.jff.2015.02.035
https://doi.org/10.1046/j.1365-2672.2001.01428.x
https://www.ncbi.nlm.nih.gov/pubmed/11556910
https://doi.org/10.1111/j.1365-2672.2005.02789.x
https://www.ncbi.nlm.nih.gov/pubmed/16430506
https://doi.org/10.1080/10408398.2011.653458
https://doi.org/10.1155/2015/525218
https://doi.org/10.3892/ol.2018.8139
https://doi.org/10.1039/D2NJ03171J
https://doi.org/10.3390/ani10112093
https://www.ncbi.nlm.nih.gov/pubmed/33187203
https://doi.org/10.1007/s11259-022-10053-2
https://www.ncbi.nlm.nih.gov/pubmed/36520356
https://doi.org/10.1016/j.jfca.2017.05.004
https://doi.org/10.1016/j.foodchem.2016.05.029
https://www.ncbi.nlm.nih.gov/pubmed/27283605
https://doi.org/10.1016/j.fpsl.2020.100500
https://doi.org/10.1021/ie050185o
https://doi.org/10.2478/acph-2020-0028
https://doi.org/10.1016/j.indcrop.2019.111669
https://doi.org/10.1016/j.tifs.2019.03.003
https://doi.org/10.3390/foods9111582
https://www.ncbi.nlm.nih.gov/pubmed/33142731
https://doi.org/10.1093/jn/131.3.955S
https://www.ncbi.nlm.nih.gov/pubmed/11238796
https://doi.org/10.1021/acs.jafc.7b04423
https://www.ncbi.nlm.nih.gov/pubmed/29161814
https://doi.org/10.1016/j.tifs.2021.05.019

Animals 2024, 14,111 17 of 17

58.

59.

60.

61.

62.

63.

64.

Horni¢kova, J.; Kubec, R.; Cejpek, K.; Veliek, J.; Ovesna, ].; Stavélikova, H. Profiles of S-Alk (En) Ylcysteine Sulfoxides in Various
Garlic Genotypes. Czech J. Food Sci. 2010, 28, 298-308. [CrossRef]

Fonseca-Garcia, 1.; Escalera-Valente, F.; Martinez-Gonzalez, S.; Carmona-Gasca, C.A.; Gutiérrez-Arenas, D.A.; Avila-Ramos, F.
Effect of Oregano Oil Dietary Supplementation on Production Parameters, Height of Intestinal Villi and the Antioxidant Capacity
in the Breast of Broiler. Austral J. Vet. Sci. 2017, 49, 83-89. [CrossRef]

He, X.; Hao, D.; Liu, C.; Zhang, X.; Xu, D.; Xu, X.; Wang, J.; Wu, R. Effect of Supplemental Oregano Essential Oils in Diets on
Production Performance and Relatively Intestinal Parameters of Laying Hens. Am. ]. Mol. Biol. 2017, 7, 73. [CrossRef]

Tatara, M.R,; Sliwa, E.; Dudek, K.; Gawron, A.; Piersiak, T.; Dobrowolski, P.; Mosiewicz, ].; Siwicki, A.; Studzinski, T. Aged Garlic
Extract and Allicin Improve Performance and Gastrointestinal Tract Development of Piglets Reared in Artificial Sow. Ann. Agric.
Environ. Med. 2008, 15, 63—69.

Cho, J.H; Liu, S.D.; Kim, I.H. Effects of Dietary Korean Garlic Extract Aged by Leuconostoc mesenteroides KCCM35046 on Growth
Performance, Digestibility, Blood Profiles, Gas Emissions, and Microbiota in Weanling Pigs. Can. J. Anim. Sci. 2020, 100, 462-469.
[CrossRef]

Satora, M.; Magdziarz, M.; Rzasa, A.; Rypula, K.; Ptoneczka-Janeczko, K. Insight into the Intestinal Microbiome of Farrowing
Sows Following the Administration of Garlic (Allium sativum) Extract and Probiotic Bacteria Cultures under Farming Conditions.
BMC Vet. Res. 2020, 16, 442. [CrossRef]

Burt, S.A.; van der Zee, R.; Koets, A.P; de Graaff, A.M.; van Knapen, F.; Gaastra, W.; Haagsman, H.P,; Veldhuizen, E.J.A. Carvacrol
Induces Heat Shock Protein 60 and Inhibits Synthesis of Flagellin in Escherichia coli O157: H7. Appl. Environ. Microbiol. 2007, 73,
4484-4490. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.17221/135/2010-CJFS
https://doi.org/10.4067/S0719-81322017000200083
https://doi.org/10.4236/ajmb.2017.71006
https://doi.org/10.1139/cjas-2019-0111
https://doi.org/10.1186/s12917-020-02659-y
https://doi.org/10.1128/AEM.00340-07
https://www.ncbi.nlm.nih.gov/pubmed/17526792

	Introduction 
	Materials and Methods 
	Additives and Feed Composition 
	Animals, Housing and Experimental Design 
	Quantitative Analysis of Bioactive Components in the Feed: Storage Stability 
	Extraction of Bioactive Compounds from Feed Enriched with PGP 
	HPLC–ESI-MS/TOF Analysis of PGP Feed Extracts 
	Extraction of Bioactive Compounds from Feed Enriched with OEO 
	HPLC Analysis of OEO Feed Extracts 

	Sample Collection and Preparation 
	Samples for the Study of the Histological Parameters 
	Samples for the Study of Intestinal Microbiome Indicator Bacteria 
	Study of E. coli AMR 

	Statistical Analysis 

	Results 
	Quantification of Major Active Components of Oregano Essential Oil in Pre-starter and Starter Feeds 
	Analysis of Bioactive Components of PGP in the Feed Preparation 
	Intestinal Morphometry Parameters 
	Quantification of Intestinal Microbiota Indicators from Cecal Content 
	AMR Monitoring in Commensal E. coli 

	Discussion 
	Conclusions 
	References

