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Simple Summary: This study of halquinol provides an informative dataset, including
information on the nutrient digestibility, fecal volatile fatty acid fermentation, and micro-
biome structure in pigs. Halquinol can serve as an alternative antibiotic in nursery pigs
by preserving digestive capacity, stimulating enzymatic digestion and improving subse-
quent nutrient utilization. Although no significant differences in growth performance were
observed between experimental diets, a reduced bacterial diversity in the microbiomes of
halquinol-treated pigs might have contributed to an improvement in energy utilization.
Understanding the development of pig microbiota during weaning, and its modulation
in response to colistin and halquinol, is essential to designing alternative formulations for
rational drug use.

Abstract: The weaning period is a critical phase for nursery pigs that is characterized
by rapid growth and alterations in the intestinal microbiome associated with nutrient
utilization. The present study aimed to investigate the efficacy of halquinol, when used as
an antibiotic (ABO), on the growth performance, diarrhea incidence, coefficient of apparent
total tract digestibility (CATTD), fecal volatile fatty acids (VFAs), and microbiota in pigs.
A total of 210 healthy weaned pigs with an average initial weight of 6.9 kg and aged
28 + 2 days were assigned to five treatments (six pens/treatment) in a complete random-
ized design, including a control group (T1, CON; feed with no ABO), a colistin group (T2,
CLT; feed containing 120 ppm colistin), and three halquinol groups (T3 to T5, HAL; feed
containing 180, 240, and 360 ppm halquinol, respectively). The experiment period lasted
for 10 days. Field recordings, observation, and feces collection were performed on D1, D5,
and D10. CATTD and VFA assessments were conducted on D10. The composition of the
fecal microbiota was analyzed via 165 rRNA gene sequencing using the Illumina Miseq
platform. The results demonstrated that the in-feed ABO groups exhibited a significantly
lower ADFI (p < 0.01). Pigs fed the T3 and T4 diets had the lowest FCR (p < 0.01) on D5 and
D10 and, thus, had reduced ADFI (p < 0.01). A quadratic contrast was found in ADFI and
FCR on D5 and D10, indicating a negative correlation with HAL concentration (p < 0.01).
Pigs fed CLT and HAL had significantly reduced levels of coliform (p < 0.01) and E. coli
(p < 0.01). Moreover, pigs receiving ABO also had a lower fecal score compared to those
on the CON diet (p < 0.01). Dietary in-feed ABO had no effect on all the parameters of
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the CATTD on D10 (p > 0.05), except for fat digestibility in pigs that received T4 (p < 0.01).
Pigs fed the T4 and T5 diets had higher propionate concentrations and lower A /P ratios
than pigs fed T1, T2, and T3 (p < 0.01). The microbial diversity shifted quickly through the
early weaning period. The relative abundance of beneficial Enterococcus microbes increased
in pigs fed in-feed ABO, whereas the relative prevalence of pathogenic bacteria, such as
Escherichia and Klebsiella, decreased. Escherichia and Bacteroides were negatively correlated
with carbohydrate digestibility and butyric and valeric acid production (p < 0.05). Overall,
the appropriate HAL dosage was 240 ppm (T4), and this antimicrobial can potentially
be characterized as an in-feed colistin replacer that improves feed efficiency and fat di-
gestion, enhancing VFA production, alleviating post-weaning diarrhea, and protecting
ABO-resistant piglets.

Keywords: growth performance; halquinol; microbiome; nutrient digestibility; weaned pig

1. Introduction

Globally, post-weaning diarrhea (PWD) is an economically important challenge in
pig production. The post-weaning period involves several stressful situations for pigs,
including a sudden change in the composition and physical form of the diet, separation
from the sow, new social groups, and new environment adaption. During the two weeks
following weaning, PWD can affect pigs and reduce feed intake, causing poor growth,
diarrhea, and mortality [1]. These factors contribute to the growth of pathogens in the
gastrointestinal tract (GIT), primarily enterotoxigenic strains of Escherichia coli (E. coli),
which are the main causative agents.

The use of colistin as an in-feed antibiotic (ABO) has been effective at alleviating wean-
ing stresses and preventing PWD in piglets. However, although colistin use is prohibited
in Europe, it is still used in several nations around the world, notably those in Asia. In
2017, Thailand restricted the long-term use of colistin for the prevention of Gram-negative
bacterial infections in animal feed, but it is still permitted for short-term treatments. Con-
sequently, in 2018, the Department of Livestock Development (DLD) restricted the use of
colistin for disease prevention in livestock and replaced it with halquinol. Practically, the
commercial diets for weaned pigs contain multiple in-feed ABOs, including 300, 300, and
120 ppm of chlortetracycline, amoxycillin, and halquinol, respectively, to treat and inhibit
diseases. Nevertheless, the inappropriate and excessive use of ABOs contributes to the
widespread emergence and spread of antimicrobial resistance in livestock farms.

Halquinol (trade name Quixalud®) is an antimicrobial used as an in-feed ABO in
poultry and swine. In swine, it is used as a growth promotant and for the treatment of
intestinal infections caused by E. coli and Salmonella spp. The recommended concentration
of halquinol ranges from 12% to 60%, which can be associated with various dosing regimens
and a withdrawal period of 10 consecutive days [2]. Researchers have demonstrated that
120 ppm of in-feed colistin led to a greater final body weight gain (BWG; 20.4 vs. 19.0 kg;
p < 0.001) and average daily gain (ADG; 344.1 vs. 304.9 g/d; p < 0.05) in pigs than
120 ppm of halquinol [3]. In addition, the introduction of halquinol into the diet was not
sufficient to change the composition of the microbiota or cause changes in the structure
of the small intestine [4]. Nevertheless, halquinol can slow peristalsis in the gut [5]; this
decelerated passage rate of digesta in the GIT may facilitate improved absorption. Beyond
this, halquinol was invented to minimize the antimicrobial resistance that is common for
Gram-negative bacteria, including members of the Enterobacteriaceae family [6,7].
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Although many studies have been performed investigating the efficacy and perfor-
mance of halquinol in weaned pigs, along with its elimination effect on pathogenic bacteria
in GIT, to the best of our knowledge, there are limited data available comparing the effect
of different concentrations of halquinol with colistin in the early weaning period in terms
of digestion and microbiome modulation. In the present study, the hypothesis proposed
that colistin could be replaced with an appropriate amount of halquinol supplementation,
which would improve nutrient digestion, modulate the microbiome, and contribute to
enhanced growth performance during the early weaning period. Therefore, the present
study aimed to investigate the efficacy of colistin and halquinol, including assessments of
performance, diarrhea incidence, coefficient of apparent total tract digestibility (CATTD),
fecal volatile fatty acids (VFAs), and fecal microbiota.

2. Materials and Methods
2.1. Treatment Preparation

The in-feed colistin used in this study was Ascolis40® (Vet products and consultant,
Bangkok, Thailand), which contained 40% colistin sulfate. The in-feed halquinol used in
this study was Quixalud® M & H Manufacturing Co., Ltd., Bangkok, Thailand), which
contained 60% halquinol (5,7-dichloro-quinolin-8-ol).

2.2. Animals, Experimental Design, and Housing

At weaning, 210 piglets at 28 &£ 2 days of age with an average initial weight of 6.9 kg
(105 castrated males and 105 females, (Landrace x Large White) x Duroc) were randomly
allocated based on the stratification of sex and weight into 5 treatment groups, and each
group was divided into 6 pens (1 = 7; n = 42 per treatment group). The dietary treatments
included negative control (T1, basal diet), positive control (T2, basal diet + 120 ppm
colistin sulfate), treatment 3 (T3, basal diet + 180 ppm halquinol), treatment 4 (T4, basal
diet + 240 ppm halquinol), and treatment 5 (T5, basal diet + 360 ppm halquinol). None of
the piglets had diarrhea at the time of group allocation. The pigs in each group were fed
separately with treatment feed throughout the experiment. The basal diet was commercially
formulated as an ABO-free diet in pellet form (HyFeed S80®, United feed mill, Bangkok,
Thailand). The basal diet was formulated to meet the nutrient requirements of pigs based
on their BW (Table 1) [8]. Pigs had ad libitum access to water and feed throughout the
10 days of the nursery feeding experiment.

Table 1. Ingredient (% as feed) and chemical composition of the feed used in the current study.

Ingredient, %

Corn 20.17
Soybean meal 27.36
Rice bran 32.76
Whey powder 8.00
Lactose 4.00

Soy peptide 4.74
Mono-dicalcium phosphate 1.14
Limestone 0.95
L-Lysine-HCL, 78% 0.20
DL-Methionine, 99% 0.04
L-Threonine, 99% 0.09
Salt 0.30

1 Vitamin/mineral premix 0.25
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Table 1. Cont.

Ingredient, %

Chemical composition 2
ME (Mcal/kg) 3450
Dry matter (%) 90.23
Crude protein (%) 22.69
Crude fat (%) 5.07
Crude fiber (%) 8.06
Total lysine (%) 1.35
Total methionine (%) 0.35
Total threonine (%) 0.89
Calcium (%) 0.80
Total phosphorus (%) 0.65

1 Supplied 2.40 IU vitamin A, 0.48 IU vitamin D, 4000 IU vitamin E, 0.72 g vitamin K, 0.069 g vitamin B1,1.04 g
vitamin B2, 0.12 g vitamin B6, 0.006 g vitamin B12, 7.20 g nicotinic acid, 2.72 g pantothenic acid, 34.88 g Cu as
copper sulfate, 20 g Fe as ferrous sulfate, 0.23 g I as calcium iodate, 13.64 g Mn as manganese sulfate, 24 g Zn as
zinc sulfate, and 0.02 g Se as sodium selenite. > Calculated values.

The experiment was conducted in the nursery unit over the 10 d experiment period
(Pikul Thong Farm, Rachaburi, Thailand). The pigs were housed in pens of 3 x 3 m?
(approximately 1.25 m?/ pig; requirement 0.25 m? /20 kg piglet) with a concrete floor. The
humidity and temperature of the pig barn were between 58% and 66% as well as 29 °C and
34 °C, respectively.

2.3. Field Record and Sampling Collection

Feed intake was recorded daily. Animal and feed weights were measured on the
mornings of D1, D5, and D10. Prior to each feeding, any remaining feed was removed,
weighed, and recorded. Experimental diets and feces were sampled on D1, D5, and D10 and
held for future analysis. Feed samples were randomly collected for analysis of antibiotic
composition and the homogeneity of in-feed ABO contribution. A total of 6 feces samples
were collected per treatment group (1 sample/pen) on D1, D5, and D10.

Fecal samples were collected via fecal swab and frozen until processing for exami-
nation of fecal microbiota. Sub-samples were divided into 2 parts, which were stored at
—80 °C until subsequent experiments. (1) Fecal samples were cultured for detection and
quantification of E. coli [9], Salmonella spp. (BIO-RAD chromogenic method), total viable
bacteria count [10], and coliforms. All microbiological data were analyzed and evaluated
for the impact of each antibiotic on the fecal bacteria associated with PWD. (2) Fecal samples
were prepared for metagenomic analysis.

2.4. Fecal Consistency Scores of Piglets

All pens were examined daily by the same person to evaluate fecal consistency accord-
ing to Pedersen and Toft [11]. Scores 1 (firm and shaped) and 2 (soft and shaped) represent
normal feces. Scores 3 (loose) and 4 (watery) represent diarrhea (Figure 1).

2.5. Nutrient Digestibility

The coefficient of apparent total tract digestibility was measured in the feces via the
marker procedure. In the period from D1 to D10 (5D adaptation period + 5D collection
period), 1 healthy barrow from each pen (n = 6) was placed in a separate metabolic cage
for feces collection. After the 5-day adaptation period, feed and feces were collected and
weighed. A 20 g sample was collected from each of the daily portions, which was pooled
and further homogenized.
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Score 1 2 3 4
Character Firm and shaped Soft and shaped Loose
Picture
== il S
Texture Firm. Varies in hardness. Varies in softness. Like Mush. Often has shining Varies from gruel to water
peanut butter. surface.
Shape Sausage Varies form sausage shaped |Tends to become level with |Level with surface. Flows
to small piles surface. Does not flow through slatted floors.
through or flows slowly
through slatted floors.
In container |Preserves original shape Does not flow when Inert when container is Flow easily when container is
container is rotated. rotated. Merges and covers  |rotated. Merges and covers
Preserves original shape bottom of container in most |bottom of container
cases

CATTD (%)

Figure 1. The 4 categories of fecal consistency score classification with descriptive text and pictures.

Proximate analyses of feed and feces were conducted according to AOAC [12] methods.
Gross energy (GE) was determined via a bomb calorimeter (C 6000; IKA-Werke GmbH &
Co., Staufen, Germany). Atomic absorption spectrophotometry (AAS) (Perkin Elmer 3110,
Perkin Elmer, MA, USA) was employed to determine Cr,Oj3 levels using a Perkin Elmer
lamp for Cr (part#303-6021 Serial H235571). The chromium standard for AAS was obtained
from J.T. Baker (1000 ng/mL CAS 6449-04).

The equation for coefficient of apparent total tract digestibility of a nutrient was
as follows:

(1 Daily feed intake (¢ DM /d) x Nutrient concentration in diet (%) ) « 100

" Daily fecal output (§ DM/d) x Nutrient concentration in feces (%)

2.6. Volatile Fatty Acids

Fecal VFA analysis was performed via gas chromatography according to the method
of Kongpanna et al. [13]. Five grams of fecal matter was placed into a 15 mL centrifuge
tube, followed by the addition of 2 mL of ultrapure water. The contents were vortex mixed
for 30 s, incubated at 4 °C for 30 min, and subsequently centrifuged at 4 °C at 10,000 g for
10 min. To 1 mL of the supernatant, 0.2 mL of 25% metaphosphoric acid (w/v) was added.
The solution was thoroughly mixed, incubated at 0 °C for more than 30 min, and then
centrifuged at 4 °C at 10,000 x g for 10 min. In total, 1 mL of the subsequent supernatant
and 1 mL of the internal standard (0.5 g 3-methyl-n-valeric acid in 1 L of 0.15 mol/L
oxalic acid) were mixed with 3 mL of distilled water. One milliliter of the supernatant was
centrifuged at 10,000 g for 4 min at 4 °C. Then, 500 pL of the supernatant was placed
into a sample bottle for measurement using gas chromatography with a flame ionization
detector (GC-2010plus, Shimadzu Corporation, Kyoto, Japan).

2.7.16S rRNA Sequencing of Gut Microbiota

Total DNA was extracted from 200 mg of feces per sample using a QlAamp DNA
Stool Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The
concentration and quality of genomic DNA were evaluated using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The purified PCR
product was assessed using 1% agarose gel electrophoresis. DNA concentrations were
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quantified using a Colibri Microvolume Spectrometer (Titertek Berthold, Pforzheim, Ger-
many), and samples exhibiting OD260/280 ratios between 1.80 and 2.00 were subjected
to further processing. Genomic DNA was stored for analysis at —20 °C. The V4 region of
the 16S rRNA gene was amplified via polymerase chain reaction (PCR) using previously
established primers [14].

2.8. Metagenomic Analysis

The amplicons were sequenced using the Illumina MiSeq platform according to the
manufacturer’s instructions. All sequencing was performed at Macrogen Inc. (Seoul,
Korea). Raw sequence data were processed using Mothur software (Version 1.45.0), and
low-quality sequences were eliminated. Sequencing errors and chimeras were eliminated
using UCHIME during Mothur processing [14]. The remaining high-quality sequences
were categorized into operational taxonomic units (OTUs), with clustering according to an
identity cutoff of 97% [15]. The sequence number was normalized via random subsampling
for downstream analyses of microbial alpha diversity, such as phylogenetic information,
observed OTUs, Chaol and Shannon indices, and beta diversity (principal coordinates
analysis (PCoA)).

2.9. Statistical Analysis

All statistical analyses were performed using the SAS ver.9.4 statistical package (SAS
Institute, Cary, NC, USA). Analyses of variance (ANOVA) were performed to evaluate the
impact of the treatments on piglet performance. Non-parametric tests were used because
the data were not normally distributed. The Kruskal-Wallis non-parametric test was used
to compare the fecal scores and microbial populations among treatments. Additionally,
polynomial contrast (linear and quadratic) regressions were employed to describe the
relationship between the variables and halquinol concentration. A p-value < 0.05 was
considered statistically significant. Values outside the mean & 35D were treated as outliers
and removed from the dataset. The fecal microbial examination and performance data are
reported as mean + SD.

A chi-squared test was used for diarrhea frequency assessment. Statistical analysis of
the fecal microbial composition was performed using QIIME2. Permutational multivariate
analysis of variance (PERMANOVA) was performed using QIIME2 to establish whether the
profile of fecal microbiota was significantly different between the five groups and was based
on UniFrac distance matrices. The alpha and beta diversities of taxonomic classification
and microbial populations were analyzed using STAMP and Prism software (Prism 9.00,
GraphPad Software, La Jolla, CA, USA).

3. Results
3.1. Growth Performance

The average performance results are presented (Table 2).

The BW, ADG, and FCR were not influenced by the in-feed ABO (p > 0.05). Meanwhile,
on D10, the FCR was lower in pigs fed the T3 and T4 diets than that in pigs fed the CON,
T2, and T5 diets (p < 0.05). Piglets receiving 240 ppm of halquinol (T4) had the lowest ADFI
(p < 0.01). Additionally, the in-feed ABO groups had lower ADFI (p < 0.01) than the CON
group. Therefore, these results show the reduction in FCR in piglets receiving 180 ppm (T3)
and 240 ppm (T4) halquinol (p < 0.01). There was no significant difference between the CLT
and HAL groups (T2 vs. T3-T5, p > 0.05) in terms of the mean values of BW, ADG, ADFI, and
FCR. However, when conducting comparisons between the different HAL groups (T3 vs. T4
vs. T5), ADFI (linear and quadratic, p < 0.05) values were lower for piglets fed T4 compared
to piglets fed T3 and T5 from days 1 to 5, 6 to 10, and during the overall period (days 1 to 10).
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Table 2. Body weight (BW), average daily gain (ADG), average daily feed intake (ADFI), and feed conversion ratio (FCR) of weaned pigs on D1, D5, and D10. Pigs
were fed a basal diet without ABO (T1), with 120 ppm of colistin (T2), or with 180, 240, or 360 ppm of halquinol (T3, T4, and T5, respectively).

CON CLT HAL HAL HAL HAL p-Value
T1 T2 T3 T4 T5 T3-T5 ANOVA 1 CLT vs. HAL Contrast 2
BW, kg D1 6.90 & 0.90 6.90 & 0.86 6.92 + 0.82 6.83 &+ 1.31 6.95 + 1.31 6.90 + 1.15 0.999 0.997 -
D5 9.20 &+ 1.20 920+ 1.14 9.23 + 1.10 9.10 + 1.75 9.26 +1.74 9.20 4+ 1.54 0.988 0.789 -
D10 12.06 + 1.34 12.00 + 1.41 11.95 + 1.13 11.96 + 1.39 11.99 + 1.73 11.97 + 1.42 0.807 0.571 -
ADG, g/day D1-D5 329 + 43 329 + 41 330 + 39 325 + 62 331 £ 62 329 + 55 0.985 0.759 -
D6-D10 408 + 203 400 + 219 389 + 142 408 + 163 390 + 210 395 + 171 0.577 0.434 -
D1-D10 368 + 93 364 + 101 359 + 65 366 + 68 360 + 96 362 + 76 0.839 0.620 -
ADFI, g/pig/day D1-D5 714 + 382 677 +27°¢ 684 + 68 bc 628 + 374 696 + 48 ° 669 =+ 60 0.001 0.551 Q
D6-D10 825 + 532 783 + 36 7P 745 + 54 ¢ 726 + 64 4 795 + 54 P 755 + 64 0.001 0.057 Q
D1-D10 769 + 452 730 £31¢ 715 £ 614 677 £51¢ 746 + 51°P 712 + 60 0.001 0.163 Q
FCR D1-D5 1.38 + 0.46 1.34 £ 0.50 1.45 + 0.40 1.36 £ 0.41 1.38 + 0.42 1.40 £ 0.41 0.934 0.611 -
D6-D10 1.64 + 0.33 1.58 + 0.43 1.56 + 0.39 1.41 £+ 0.41 1.68 + 0.48 1.55 + 0.43 0.399 0.648 -
D1-D10 1.72+0352 1.54 £ 0.29 @b 1.49 +0.29 P 1.44 +0.35P 1.63 + 0.35aP 1.52 +0.34 0.044 0.782 -

abede Means + SD with superscript letters indicate a difference of p < 0.05; 1 CON (T1, basal diet), CLT (T2, basal diet + 120 ppm colistin sulfate), HAL (T3, basal diet + 180 ppm

halquinol; T4, basal diet + 240 ppm halquinol; T5, basal diet + 360 ppm halquinol). 2 Orthogonal polynomial contrasts: Q = quadratic regression.
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3.2. Fecal Microbial Populations

The results of the analysis of fecal microbial populations and their proportions are
presented in Table 3 and Figure 2, respectively. On D10, the halquinol groups had lower
coliform (p < 0.01) and E. coli (p < 0.01) levels than the other treatment groups. In particular,
adding 180 or 240 ppm of halquinol to the pigs’ diets significantly decreased the abundance
of coliform (p < 0.01) and E. coli (p < 0.01) compared to adding colistin. This indicated that
piglets fed colistin and halquinol had lower amounts of pathogenic bacteria compared with
those fed a basal diet with ABOs. On D10, in pigs treated with 120 ppm (T3) of in-feed
colistin, the TVC revealed variations in microbial populations (p < 0.001). In contrast,
colistin-treated pigs also had higher coliform and E. coli (p < 0.01) proportions than pigs fed
with 240 and 360 ppm halquinol.

The results for the total viable count (TVC) are also summarized in Table 3. On
D5, the TVCs of the in-feed ABO groups were higher than the TVC in the control group
(p < 0.01). On D10, the TVC of colistin was higher than that in the halquinol groups
(p < 0.01). Furthermore, comparisons within the HAL groups (I3 vs. T4 vs. T5) showed that
increasing the halquinol concentration in the diet decreased fecal coliform (linear, p < 0.05)
and E.coli (linear and quadratic, p < 0.05) abundance and the TVC (linear, p < 0.05) over the
experimental period (day 1 to 10).

100% 100% 100%
90% 90% 90%
80% 80% 80%
70% 70% 70%
60% 60% 60%
50% 50% 50%
40% 40% 40%
30% 30% 30%
20% 20% 20%
10% I i I 10% 10%

|
0% 0% || - - - 0% - l .
12 3 4 5 1 2 3 4 5
W Coliform MWE.coli mTVC MW Coliform MWE.coli mTVC M Coliform M E.coli mTVC

Figure 2. Fecal microbial proportions of coliform and E. coli and total viable count (TVC) in weaned
pigs on D1 (A), D5 (B), and D10 (C). Pigs were fed a basal diet without ABO (T1), with 120 ppm of
colistin (T2), or with 180, 240, or 360 ppm of halquinol (T3, T4, and T5, respectively).
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Table 3. Fecal microbial populations in units of Log10 in weaned pigs on D1, D5, and D10. Pigs were fed a basal diet without ABO (T1), with 120 ppm of colistin (T2),
or with 180, 240, or 360 ppm of halquinol (T3, T4, and T5, respectively).

CON CLT HAL HAL HAL HAL p-Value
T1 T2 T3 T4 T5 T3-T5 ANOVA!l CLTvs. HAL  Contrast?
Coliforms, cfu/g D1 695+ 0523 75540192 6.644+027° 6584018 640+ 1.10° 6.54 4+ 0.61 0.002 0.006 -
D5 6.12 £ 0.33 595+ 0.19 5.81 £ 0.30 6.29 £+ 0.83 5.82 +£0.79 5.97 £+ 0.66 0.771 0.942 -
D10 6.034+0.742 55940493 464+023° 4894035 56440222 5.06 £ 0.51 0.005 0.091 L
E.coli, cfu/g D1 6.70 = 0.26 7.26 = 0.51 6.71 £ 0.17 6.51 +0.29 6.15 4+ 0.73 6.46 + 0.49 0.075 0.039 -
D5 6.08 +0.24 6.06 = 0.42 5.62 4+ 1.56 6.00 £ 0.65 6.13 = 0.57 591 £+ 0.96 0.897 0.689 -
D10 577 +0582 6.13+0492 457 +0.18° 4794+027P 59140342 5.09 £+ 0.66 0.001 0.012 -
TVC 3, cfu/g D1 759 +017¢ 851+0412 729-+018°¢ 750+0.23¢ 812+0.17P 7.64 + 041 0.001 0.002 L
D5 6.63+0.17° 858+ 0262 870+0.132> 892+0212 846+027P 8.69 £+ 0.28 0.001 0.497 Q
D10 7134+0612 758+0.142 648+0.32° 6.49+026P 71540312 6.71 £0.42 0.006 0.001 L
Salmonella D1 <10 <10 <10 <10 <10
D5 <10 <10 <10 <10 <10
D10 <10 <10 <10 <10 <10

abc Means =+ SD with superscript letters indicate differences of p < 0.05; 1 CON (T1, basal diet), CLT (T2, basal diet + 120 ppm colistin sulfate), HAL (T3, basal diet + 180 ppm halquinol;
T4, basal diet + 240 ppm halquinol; T5, basal diet + 360 ppm halquinol). 2 Orthogonal polynomial contrasts: L = linear and Q = quadratic regression. 3 TVC = Total viable count.



Animals 2025, 15, 1258

10 of 23

3.3. Fecal Score

The effect of in-feed ABO on fecal score is presented Table 4 and Figure 3. The mean
fecal score of weaned pigs on D1, D5, and D10 was not statistically significant (p > 0.05).

Table 4. Mean fecal scores of weaned pigs on D1, D5, and D10. Pigs were fed a basal diet without
ABO (T1), with 120 ppm of colistin (T2), or with 180, 240, or 360 ppm of halquinol (T3, T4, and
T5, respectively).

CON CLT HAL HAL HAL HAL p-Value
T1 T T3 T4 T5 T3-T5 ANOVA!  CLTVS: (o trast
HAL
::';jel DI 2204092 2004067 160+070 1804079 2204092 1.87+0.82 0.393 0.642 -
D5 2004067 1704067 1604+084 1804092 1804092 1.73+0.87 0.854 0.914 -
DI0 2204079 1604070 160+070 160+070 1704067 1.63+0.67 0271 0.897 .

Means + SD with superscripts indicate differences of p < 0.05; 1 CON (T1, basal diet), CLT (T2, basal diet +
120 ppm colistin sulfate), HAL (T3, basal diet + 180 ppm halquinol; T4, basal diet + 240 ppm halquinol; T5, basal
diet + 360 ppm halquinol).
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Figure 3. Proportions of fecal score classifications—firm, soft, and loose (represented by scores 1,
2 and 3, respectively)—for weaned pigs on D1 (A), D5 (B), and D10 (C). Pigs were fed a basal diet
without ABO (T1), with 120 ppm of colistin (T2), or with 180, 240, or 360 ppm of halquinol (T3, T4,
and T5, respectively). Letters inside the bars (a, b) indicate statistical significance (p < 0.05) for the
fecal characteristic among the five treatments.

There was also no significant difference in the mean fecal score values when using
CLT or HAL (T2 vs. T3-T5, p > 0.05); however, the scores were higher in pigs receiving the
T2 and T4 diets (120 ppm of colistin and 240 ppm of halquinol, respectively).

3.4. Coefficient of Apparent Total Tract Digestibility

The effects of in-feed ABO on the CATTD were analyzed on D10 (Table 5). No signifi-
cant differences between any parameter of the CATTD were observed among treatments,
except for EED in the T4 group (p < 0.01). Moreover, there was also no significant difference
between CLT and HAL treatments (T2 vs. T3-T5, p > 0.05) for the mean CATTD values of
GED, DMD, OMD, CPD, EED, and CHOD.
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Table 5. Coefficient of apparent total tract digestibility (CATTD) of weaned pigs on D10. Pigs were
fed a basal diet without ABO (T1), with 120 ppm of colistin (T2), or with 180, 240, or 360 ppm of
halquinol (T3, T4, and T5, respectively).

CON CLT HAL HAL HAL HAL p-Value
D10 T1 T2 T3 T4 T5 T3-T5 ANOVA'! C}L&{S‘ Contrast 2
GED? % 81.68+3.96  81.61+434  80.69+3.60  8201+271 8321+429  81.97+342 0917 0.818 -
DMD % 80.68+152  8236+213  8544+3.60 83761426  8471+3.14  84.64+3.42 0.192 0.743 -
OMD % 87934338  8561+443  83.94+3.01 86.26+531 82714314  8431+3.90 0471 0.627 -
CPD % 79.68+£561  85.61+£377  8294+7.65  8251+131 8396544  83.14+4.99 0.490 0317 -
EED %  7093+£313°  7497+153%  7519+£380%  8427+£248°  7771£569°  78.59+547 0.006 0.168 Q
CHOD % 9143+3.12 89114297 89944405  8876+3.72 89214296  89.31+3.30 0.830 0.857 -
abc Means + SD with superscript letters indicate differences of p < 0.05; 1 CON (T1, basal diet), CLT (T2, basal
diet + 120 ppm colistin sulfate), HAL (T3, basal diet + 180 ppm halquinol; T4, basal diet + 240 ppm halquinol; T5,
basal diet + 360 ppm halquinol). 2 Orthogonal polynomial contrasts: Q = quadratic regression. > GED = gross
energy digestibility, DMD = dry matter digestibility, OMD = organic matter digestibility, CPD = crude protein
digestibility, EED = ether extract digestibility, and CHOD = carbohydrate (starch) digestibility.
3.5. Fecal Volatile Fatty Acid Production
To analyze the impacts of in-feed ABO on fecal VFA production, fecal VFA assessments
were conducted on D10 (Table 6). When 240 ppm (T4) and 360 ppm (T5) of halquinol were
added to the diet, the ratios of propionate and A:P changed significantly (p < 0.01). In
addition, there was also a significant difference between CLT and HAL (T2 vs. T3-T5,
p < 0.05) in terms of the mean propionate and A:P ratios (p < 0.001). Supplementation with
increasing halquinol concentrations linearly decreased the A:P ratio (p < 0.05).
Table 6. Fecal volatile fatty acids (VFAs) in weaned pigs on D10. Pigs were fed a basal diet without
ABO (T1), with 120 ppm of colistin (T2), or with 180, 240, or 360 ppm of halquinol (T3, T4, and
T5, respectively).
CON CLT HAL HAL HAL HAL p-value
D10 T ™ T3 T4 5 T3-15 ~ ANOVA  CLTvs.  Contrast
HAL
Total VFAs mg‘c"és/ & 1136141188  114.02+£450 12161+134  11732+6.17 119184684  11937+£520 0470 0.088 -
Acetate mgcoés/ &  6648+668  7028+426  7165+192 67234539  6608+359  6832+433 0378 0.444 -
Propionate m;:é"js/ & 24104323b  2273+£184¢ 267041977  2855+298%  28.85+211%  2803+£238  0.011 0.001 -
Butyrate mg‘c‘)els/ &  703+151 6.43+231 6.65+1.88 630 £ 0.91 700£119  665+129 0954 0.807 -
Isobutyrate m;gcoels/ &  056+022 0.62+0.17 0.51+0.20 054+0.22 070+014  058£019  0.655 0.759
Valerate mf‘:c"els{ & 15454163  1398+£183  1610+£189  1470+£289  1655+234  1578+233 0480 0.184 -
AP ratio 278+£025%  3114£036%  270£022°%  236+017°¢  229£009¢  245+024  0.001 0.001 L

ab.ed Means + SD with superscript letters indicate differences of p < 0.05; 1 CON (T1, basal diet), CLT (T2, basal
diet + 120 ppm colistin sulfate), HAL (T3, basal diet + 180 ppm halquinol; T4, basal diet + 240 ppm halquinol; T5,
basal diet + 360 ppm halquinol). 2 Orthogonal polynomial contrasts: L = linear regression.

However, the total VFA, acetate, butyrate, isobutyrate, and valerate levels did not
differ between the CLT and HAL groups (p > 0.05). In addition, there was no significant
difference in the fecal concentrations of total VFAs, acetate, butyrate, isobutyrate, and
valerate among the different groups (p > 0.05).

3.6. Overall Sequencing Data and Microbial Diversity of the Piglet Fecal Samples

Weaned pig fecal samples that were subjected to 165 rRNA amplicon sequencing
generated 1,111,765 raw sequences (n = 6), ranging from 65,625 to 133,772 raw sequences
per sample, after quality control and filtering steps. The Good’s coverage for all samples
was always greater than 0.99. The summary of sequence counts and OTUs that passed the
steps of filtering, clean-up, and normalization were grouped into 621 OTUs present in at
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least six samples. A total of 7 phyla, 37 families, and 83 genera were identified in the fecal
samples from weaned pigs across all treatment and sampling points, with Proteobacteria,
Firmicutes, Bacteroidetes, and Actinobacteria being the predominant phyla.

3.7. Alpha Diversity Patterns Between Treatment Groups and Sampling Times

In the alpha diversity analysis, which evaluated the diversity within piglet fecal
microbiota, the observed OTUs and Chaol and Shannon indices were calculated to assess
the diversity and richness of the fecal microbiota in in-feed ABO and control piglets

(Figure 4).
OTUs
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Figure 4. Alpha diversity represented by treatment group at the three different sampling times (DO,
D5, and D10) as indicated by the OTUs observed and Chaol and Shannon indices in the feces of
weaned pigs fed a basal diet without ABO (T1, W), with 120 ppm of colistin (T2, M), or with 180, 240,
or 360 ppm of halquinol (T3, l; T4, B; and T5, 7, respectively; n = 6). Letters inside the bars (a to d)
indicate statistical significance (p < 0.05).

In terms of the different treatments, the observed OTUs and Shannon alpha diversity
index were higher for the T1 and T4 groups than for the T2 and T3 groups at D5 (p < 0.05).
The Chaol diversity index was higher for the T1 and T5 groups than for the T2, T3, and
T4 groups at D5 (p < 0.05). The observed species, Chaol, and Shannon indices indicated
significantly lower diversity on both D5 and D10 when dietary supplementation with
in-feed ABOs was used (p < 0.05) compared with the control diet. The exception was the
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Shannon index on D10, where 180 ppm of halquinol (T3) led to a higher diversity than that
in the CON group (T1).

There was a consistent increase in alpha diversity as piglet age increased, as indicated
by the observed OTUs and Shannon index. The observed OTUs, indicative of species
richness, dramatically increased from day 0 to day 10 (p < 0.05). The Shannon index,
indicative of species richness and evenness, exhibited a pronounced increase from D1
to D10, demonstrating a significant difference between these two time points (p < 0.05).
Overall, as illustrated in Figure 5, weaning age significantly affected (p < 0.05) the observed
species, Chaol, and Shannon indices across the treatments.

OUTs
5 - &b 150 150
a o 100 a 100 ab
100 b b 100 a 100 a a b b
‘ b 2 ’ ’ ? é
50 ‘ ' 50 ‘ 50 $ é 50 =0
g g : ¢ J ’ T4 " s
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Figure 5. Alpha diversity in the feces of weaned pigs represented in terms of sampling time (D1,
D5, and D10) per treatment group, as indicated by OTUs observed and Chaol and Shannon indices.
Pigs were fed a basal diet without ABO (T1, W), with 120 ppm of colistin (T2, M), or with 180, 240, or
360 ppm of halquinol (T3, M; T4, W; and T5, I, respectively; n = 6). Letters inside the bars (a to c)
indicate statistical significance (p < 0.05).

3.8. Beta Diversity

As shown in Figure 6, a PCoA was conducted based on phylum.

Each point in the PCoA represents the microbial ecology of a piglet; points closer to-
gether have more comparable microbial ecology. PCoA based on Bray—Curtis and weighted
UniFrac distances revealed clear separation of the piglets’ fecal microbiota in the T3 and T4
diets at D10; however, the other microbiota mixed together from D1 to D10. Conversely,
unweighted UniFrac distances revealed a significant alteration in the fecal microbiota
composition of piglets from D1 to D10 across all diets.

When PCoA was plotted on the weighted UniFrac distances, T3 and T4 exhibited a sig-
nificant difference in microbiota structure, but the administration of antibiotics changed the
gut microbiota structure of piglets in the in-feed ABO group. The noteworthy alterations in
the fecal microbiota structure from D1 to 10 were also verified by dramatic intra-individual
variations in alpha diversity from D1 to D5 and D5 to D10, which were also significantly
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affected by age and diet supplementation. Such inter-individual and intra-individual
structural variations were also supported by weighted UniFrac distance.
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Figure 6. Beta diversity biplot of principal coordinate analysis (PCoA) based on the weighted (A) and
unweighted (B) UniFrac distances in the feces of weaned pigs fed a basal diet without ABO (T1), with
120 ppm of colistin (T2), or with 180, 240, or 360 ppm of halquinol (T3, T4, and T5, respectively; n = 6).

3.9. Effects of In-Feed ABO on Bacterial Composition in Fecal Samples

Across all the samples, Proteobacteria (59%), Firmicutes (17%), Bacteroidetes (15%), Acti-
nobacteria (6%), and Fusobacteria (2%) were the most abundant phyla (Figure 7). At the genus
level, there were nine taxa whose abundance exceeded 1% of the total sequences. Escherichia
(33%), Acinetobacter (14%), Enterococcus (14%), Bacteroides (9%), and Klebsiella (7%) were the
most predominant genera in the fecal microbiota. Phocaeicola (4%) and Parabacteroides (1%)
were the two dominant genera in Bacteroidetes. Erysipelatoclostridium (2%) was the main
genus in Firmicutes. The genus Fusobacterium, classified under Fusobacteria, constituted 2%
of the total sequences.

The phylum-level composition of the gut microbiota in each sample revealed signifi-
cant variations in bacterial community structure among piglets of different ages (D1 vs. D5
vs. D10). Proteobacteria, the most prevalent phylum, had notable reductions in relative abun-
dance on day 5 compared to day 10, but Bacteroides demonstrated considerable increases
in relative abundance. The phylum-level results showed that weaning on both day 5 and
10 did not affect (p > 0.05) the abundance of Firmicutes, Bacteroidetes, and Actinobacteria.
Other phyla (Spirochaetes, Fusobacteria, and Synergistetes) were found at minimal relative
abundances, with no significant differences observed (p > 0.05).

At the genus level, there was significant heterogeneity in the gut microbiota composi-
tion dependent on piglet age (D1 vs. D5 vs. D10).

Escherichia, the most prevalent phylum, had a notable decline in relative abundance
on day 5 compared to day 10, but Bacteroides demonstrated a large increase in relative
abundance. The relative abundances of Acinetobacter, Klebsiella, Enterococcus, Proteus, Fu-
sobacterium, and Erysipelatoclostridium, representing the main phylum in the analysis, did
not vary significantly with age.
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Figure 7. Stacked column chart showing the relative abundances of taxa in the feces of weaned pigs
at the phylum (A) and genus (B) levels in the different treatment groups at different sampling times
(D5 and D10). Pigs were fed a basal diet without ABO (T1), with 120 ppm of colistin (T2), or with 180,
240, or 360 ppm of halquinol (T3, T4, and T5, respectively; n = 6).

We also conducted a genus-level comparison of the microbial population by dietary
treatment. In-feed ABO supplementation led to a decrease in Escherichia abundance com-
pared to the CON group on D5 and a significant decrease in Escherichia on D10 (p < 0.01).
Bacteroidetes was present at significantly higher levels in the Hal group (16.02 to 20.94%;
p < 0.01) than in the CON and HAL groups (9.86 and 7.82%, respectively), despite the fact
that the CON and HAL groups did not differ much. The relative abundance of Acinefobacter
in the COL group on D5 and D10 (24.04 and 21.01%, respectively) was significantly higher
than that in the CON and HAL group (p < 0.05). The relative abundance of Klebsiella was
significantly higher in the CLT group on D10 (17.68%), while it was significantly lower in
the HAL group on D10 (2.74%; p < 0.01). Enterococcus was present at significantly higher
levels in the CLT and HAL groups (17.93% and 15.05 to 21.21%; p < 0.01) than in the CON
group (11.04%) on D10.

3.10. Correlation Analysis

The possible relationships between the changes in the composition of fecal microbiota
and ATTD (Figure 8A), VFAs (Figure 8B), and ATTD vs. VFAs (Figure 8C) were assessed
using Pearson’s correlation analysis. The genus Bacteroides was negatively correlated with
CHOD levels (R = —0.58, p < 0.01). The genus Enterococcus was negatively correlated with
EED (R = —0.45, p < 0.05). The genera Acinetobacter, Klebsiella, and Enterococcus trended
toward being negatively correlated with EED, OMD, and DMD, respectively (R = —0.30,
p <0.10). Only Escherichia trended toward being positively correlated with OMD (R = 0.31,
p <0.10).

The genus Escherichia trended toward being positively correlated with levels of acetic
acid (R = 0.36, p < 0.10), while it was significantly negatively correlated with the levels
of butyric and valeric acids (R = 0.38 and R = 0.43, p < 0.05). The genus Bacteroides
was negatively correlated with the levels of valeric acid (R = 0.41, p < 0.05). The genus
Klebsiella was negatively correlated with butyric acid levels (R = 0.39, p < 0.05). The genus
Acinetobacter trended toward being positively correlated with the levels of valeric acid
(R=0.31, p <0.10). The concentration of propionic acid was negatively correlated with
CHOD levels (R = 0.40, p < 0.05).
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Figure 8. Heatmap of the Pearson’s correlations between the significantly modified microbiota and
the ATTD (A), VFAs (B), and ATTD vs. VFAs (C) parameters of weaned pigs.

4. Discussion

The impact of the substitution of in-feed ABO in swine production was evaluated.
According to our hypothesis, these antibiotics can influence the commensal microbial
community and could promote a healthy GIT in the early weaning period. This study
examined the composition and functional aspects of the fecal microbiota in the weaning
period via fecal sample analysis.

Our findings indicate that in-feed ABOs did not positively influence BWG and ADG
but significantly affected ADFI and FCR, especially in the group receiving 240 ppm
halquinol (T4). This was verified by Barbosa et al. [16] and Grecco et al. [17], whose
experiments used halquinol levels ranging from 60 to 200 ppm. Thus, in-feed ABO sup-
plementation could not only control PWD but also optimize growth performance. Com-
parative studies on the use of in-feed ABO, such tilmicosin, amoxicillin, and doxycycline,
in the weaning period concluded that growth performance was not influenced by these
in-feed ABOs, despite the fact that pigs receiving ABO supplementation reached slaughter
2 kg heavier than those that did not [18]. These results support our hypothesis that the
inclusion of 240 to 360 ppm halquinol in a pig’s diet may contribute to a balanced microbial
composition, a healthy gastrointestinal environment, and the preservation of intestinal
structure, which contributes to growth in later development stages. Tummarak et al. [3]
added 120 ppm of halquinol to pig diets, which was insufficient to improve piglet perfor-
mance metrics compared to 120 ppm of colistin. The discrepancy could be explained by
the mechanisms of colistin. Colistin targets Gram-negative bacteria, including Salmonella,
Escherichia coli, Klebsiella, and Pseudomonas. It binds to phospholipids and lipopolysaccha-
rides, disrupting bacterial cell membranes and inhibiting the release of endotoxins from
dead bacteria.

Based on our review of the literature, concentrations of 180 to 360 ppm of halquinol
were selected and validated for our experiment as in-feed ABO replacements to improve
the efficiency of feed utilization, reduce harmful microorganisms, and promote beneficial
microbial growth in the GIT without negative consequences for the piglet [3,16,17].

This study showed that piglets fed 240 ppm halquinol had significantly lower ADFI
during the first 10 days after weaning, resulting in not only lower FCR but also lower
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diarrhea incidence. The association between pathogenic bacteria and ADFI could be ex-
plained by the intestinal environments of newly weaned pigs being susceptible to invasion
by pathogenic bacteria, which impairs the digestive system. The consequence of this is
damage to the GIT, which affects the pigs” ability to digest and absorb nutrients; therefore,
their food intake might need to increase significantly just to reach their minimum nutri-
tional requirements. Additionally, undigested materials may be available for utilization
by, e.g., enterotoxigenic E. coli, resulting in infectious diarrhea [19]. Therefore, the low
ADFI in piglets fed 240 ppm halquinol may actually indicate the effectiveness of the in-feed
ABO in enhancing nutrient utilization, given the low concentration of undigested and
unabsorbed contents in the intestinal lumen [20]. Moreover, the presence of quadratic
contrast affected piglets” ADFI over the entire period. This may explain why high levels
of halquinol supplementation (T5; 360 ppm of halquinol) were found to suppress growth
performance and reduce antimicrobial effectiveness.

During weaning, the intestinal flora underwent a dramatic change in diversity and
composition, and in-feed ABO supplementation may have changed the number of bacteria
in each species [20,21]. In the present study, the fecal E.coli levels and TVC were significantly
decreased in halquinol groups compared to the colistin group at D10 (T2 vs. T3 to T5). This
suggests that halquinol has the potential to significantly change the microbial structure of
the host’s gut by boosting the abundance of beneficial bacteria and lowering the prevalence
of harmful bacteria [22].

Surprisingly, 240 ppm of halquinol can enhance fat digestion, leading to energy storage.
This treatment, with its associated enhanced feed efficiency (ADFI and FCR) and reduced
ADF], FCR, and passage of food in the gut, may help enhance absorption in the first three
weeks after weaning [5]. Although the biological relevance of lingual lipase diminishes
with pig age, lingual and pancreatic lipase activities can be comparable to or higher than
stomach lipases in neonatal piglets [23]. The interaction between halquinol and fat digestion
is thought to enhance digestion capacity, which subsequently leads to a deceleration of the
passage rate process. This enhances the digestion of lipid fat, which may require a longer
duration for digestion compared to other nutrients.

Subsequently, we determined that the propionate concentrations in feces were signifi-
cantly higher in the halquinol group than in the control and colistin groups. The results
indicated that undigested CHO could be a substance the allows beneficial microbes to
produce propionate, as confirmed in the correlation study. Propionate is known to regu-
late cellular function and the immune response [24]. Collectively, supplementation with
halquinol increased propionic acid levels and fat digestion, both of which are related to
improved feed efficiency. Although improvements in feed efficiency, reduced diarrhea oc-
currence, and increased VFA production were observed in animals that were fed halquinol,
none of the dietary treatments positively affected piglet performance. Halquinol’s mecha-
nisms of action are described by Hall et al. [2]; it primarily functions as an antimicrobial,
anti-inflammatory, and gut health modulator through stabilizing gut pH, disrupting bac-
terial DNA and enzyme systems, reducing pathogenic bacteria, and enhancing nutrient
absorption by maintaining gut integrity.

The diversity and richness indices are frequently used to measure the gut microbiota’s
functional stability [20,21]. Our study demonstrated that the abundance and diversity
(OTUs and Shannon index) of fecal microbiota increase as weaned piglets age. Our findings
are in accordance with Feehan et al. [25], who asserted that alpha diversity undergoes
substantial alterations during this transition period. The present study revealed that the
alpha diversity of the fecal bacteriome remained stable from day 0 to day 5 and subsequently
grew from day 5 to day 10. Additionally, in-feed ABOs can diminish alpha diversity and
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induce alterations in gut microbiota due to their broad-spectrum activity and capacity to
eliminate or inhibit the proliferation of both pathogenic and beneficial microorganisms [26].

Pig fed in-feed colistin and halquinol had decreased fecal microbiota diversity (OTUs
and Chaol). This result was consistent the findings of from Abeles et al. [27] and Chen
et al. [28], who found that alpha diversity was reduced with in-feed ABO supplementation.
Thus, the less diverse and more dynamic microbial community in the guts of pigs in the
early weaned period may be more vulnerable than that in weaning pigs and thus can
be easily influenced by environmental factors, for instance, the antibiotic exposure in the
current study. In fact, the authors of [29] found that more efficient microbiomes are prone
to reduced diversity and result in a smaller variation in metabolites. Nevertheless, within
that diminished pool of metabolites, there could be a greater concentration of biologically
valuable metabolites that are more readily accessible for utilization by the host.

In contrast, increases in microbial diversity are often positively associated with the
resilience of microflora against disease invasion. Similarly, the improvement of alpha and
beta diversity indicated that the relative abundance of beneficial bacteria had increased [28].
The contribution of diversity was mainly reflected in the modification, structure, and
abundance of the microbiota and the maintenance of intestinal homeostasis. Furthermore,
the antibiotics significantly influenced microbial alterations in the foregut but not in the
hindgut. Additionally, early exposure to antibiotics does not substantially alter the intestinal
ecological environment.

The alpha diversity of the fecal microbiome appears to follow a linear trend, likely
due to the strong impact of halquinol toward restoring diversity. Overall, piglets receiv-
ing 360 ppm halquinol had a lower fecal bacterial biodiversity than the other groups.
Supplementation with 180 and 240 ppm halquinol led to significant differences in fecal
microbiome composition, reflecting a richness in alpha diversity. Similarly, it has been
shown that pigs fed antibiotics have enhanced expression of functional genes that affect
their microbiome and are associated with energy production and feed efficiency, suggesting
that consumption of antibiotics leads to a more effective utilization of energy from feed [30].
Moreover, the alpha diversity results, except for the Shannon index, indicate there are
age-related differences, with diversity gradually increasing in the piglets as they age from
0 to 10 days after weaning. Alternatively, Huaman et al. [31] demonstrated that weaned
pigs receiving 200 ppm of halquinol had lower Chaol alpha diversity and observed OTUs
than a group receiving synbiotics. Living microorganisms, such as probiotics or synbiotics,
often increase microbial richness and stability, which increases alpha diversity in weanling
pigs, while biological and environmental factors can affect the outcome [31].

Beta diversity analysis can corroborate this finding. Halquinol influenced the com-
position of fecal microbiota in weaned pigs, altering the distance between control group
and in-feed ABO group samples in PCoA analysis. However, the beta diversity between all
three age points was different, indicating that both dietary treatment and age affected it.
Although there was a significant increase in Shannon diversity on D10, taxonomic changes
occurred and were the primary driver of diversity changes.

Furthermore, altered microbial composition has been associated with the production
and composition of VFAs in the colon. The current study revealed that the fecal concen-
trations of VFAs, specifically propionic acid, dramatically increased in piglets whose diets
were supplemented with 240 or 360 ppm halquinol; propionic acid is an essential metabo-
lite of gut microbiota and may promote energy homeostasis and alleviate inflammation
and metabolic disorders in the colon [32]. In-feed ABO consumption was not the only
factor influencing microbiota diversity; the PWD caused by ETEC also affected microbiota
imbalances via the increased growth of species of pathogenic bacteria [33].
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Our findings reveal that Proteobacteria (59%), Firmicutes (17%), and Bacteroidetes (15%)
were the predominant phyla among the five groups of weaned piglets, supporting earlier
studies in pigs [33,34]; however, the proportion of Proteobacteria was indicative of the high
frequency of PWD. Elevated levels of Helicobacteraceae, a family within Proteobacteria, have
been documented to weaken the protective mucous layer in the gut, whereas Prevotellaceae,
a member of the Bacteroidetes phylum, has been linked to fortifying the intestinal mucosa of
healthy pigs fed plant-based diets [35,36]. Moreover, the high percentage of rice bran in the
diet might be a reason for the predominance of Proteobacteria, as this ingredient contains
phytic acid and a trypsin inhibitor [37], which negatively affect the digestive system.

The current study shows that in the early weaning period (first 5 days post-weaning),
the fecal microbiota structures were similar among the five dietary treatments, except that
the relative abundance of Enterococcus was higher in pigs fed 240 to 360 ppm halquinol than
in pigs in the other groups. In particular, halquinol had no effect on the bacteria that are the
most common in feces. Compared to the control groups, the types of bacteria that were most
common in the halquinol groups were Escherichia (24%), Bacteroides (18%), and Enterococcus
(17%). The rise in beneficial Enterococcus bacteria belonging to the phylum Firmicutes could
be positively correlated with metabolites associated with inducing oxidative stress [38].

A pig’s gut microbiota colonization begins at birth but continues to develop during
the weaning process [39]. Even though E. coli is among the first bacteria to colonize in
piglets’ intestines [40], it is still dominant after weaning. The presence of ETEC infection
or heightened levels of E. coli during the post-weaning phase may influence the gut mi-
crobiota. ETEC K88 infection decreased microbial diversity and suppressed Bacteroidetes
and Firmicutes proliferation in the feces and jejunum of weaned pigs [41]. The proliferation
of Firmicutes and Bacteroidetes in pigs’ gastrointestinal tracts contributes to the animal’s
general health in numerous ways. In this study, pigs fed with 360 ppm halquinol (T5)
had higher abundances of Enterococcus and Erysipelatoclostridium, which belong to phy-
lum Firmicutes, as well as higher Bacteroides abundance compared to control and colistin
diets. Firmicutes are present in the GIT of pigs and are responsible for the body’s energy
balance and utilization of carbohydrates in the gut [42]. Bacteroides are crucial for health, as
they generate butyrate, which activates T cell-mediated immune responses that minimize
pathogenic bacteria’s colonization of the gastrointestinal tract [43].

The highest abundances of Bacteroidetes were mostly found in pigs fed with halquinol.
Bacteroides and Parabacteroides, which are present in the early stages of life, have been docu-
mented to synthesize gamma-aminobutyric acid (GABA), which is linked to growth [44].
Moreover, post-weaning diarrhea has been linked to the low abundance of the genus
Bacteroides, which is also thought to be a mucin glycan degrader [45]. Microbial glycan
degradation results in the generation of metabolites that help to modulate mucosal health.

The phylum Bacteroidetes has a unique ability to digest carbohydrates, including simple
and complex carbohydrates as well as polysaccharides [46]. Conversely, an elevation in the
prevalence of Bacteroides is typically observed in cases of ulcerative colitis, colorectal cancer,
and functional gastrointestinal problems [47].

Furthermore, it was observed that Fusobacteria were only present in pigs fed diets
supplemented with halquinol. This observation may be attributed to a decrease in the
proportion of beneficial bacteria and an increase in the prevalence of harmful bacteria.
Generally, based on this study’s control group, the abundance of Fusobacterium decreased by
more than 70% from D1 to D10. As a result, newly weaned pigs’ gut microbial composition
may be readily disrupted by a decrease in diversity, making pigs more susceptible to
pathogenic microbes. On the other hand, halquinol fails to modulate and control the
invasion of Fusobacterium. Infections with Fusobacterium spp. have been linked to a wide
range of pathologies. Relevance networking also revealed that Fusobacterium was negatively



Animals 2025, 15, 1258

20 of 23

associated with x-diversity, as shown previously [48,49]. Fusobacterium is emerging as a
pathogen that is associated with gastrointestinal diseases such as ulcerative colitis [50].

Enterococcus faecium was found in both the control group and the in-feed ABO groups.
This species is indicative of normal gut flora and is the most common type of bacteria
in piglets when they are young. A high abundance of the Enterococcus genera may be
essential for post-weaning piglets to digest plant-based diets. Enterococcus can form biofilm
microcolonies throughout the gastrointestinal tract, increase immunoreactivity, and reduce
instances of diarrhea [51]. Researchers have conducted numerous studies to evaluate the
probiotic characteristics of Enterococcus strains, primarily E. faecium. Feeding pigs with the
probiotic Enterococcus was found to reduce intestinal pathogens, improve the gut microbiota
balance, and improve the growth and feed conversion of piglets [52]. Thus, in the current
study, the lack of relative abundance data for various genera in the feces of piglets may be
explained by the short experiment duration, which might have been insufficient to fully
impact the microbiota diversity.

Finally, our results indicate that excessive Escherichia abundance and insufficient Bac-
teroides abundance serve as indicators of digestive issues in the early weaning period (DO to
D5), because changes in their abundance have been correlated with impaired nutrient diges-
tion and various disorders resulting from PWD [53]. At weaning, the intestinal microbiota
is unstable and the animals’ immune and digestive systems are not fully developed, which
makes the piglets highly susceptible to PWD [39]. The halquinol-mediated alterations in
beneficial microbiota may be attributed to fat utilization and VFA regulation, which might
be key modulators in the maintenance of intestinal homeostasis after weaning.

5. Conclusions

In conclusion, 240 ppm halquinol (Quixalud®) is a potentially viable alternative to
in-feed colistin for the early weaning period (the first 10 days after weaning) in terms
of its ability to improve feed efficiency and fat digestion, control the proliferation of
pathogenic bacteria, augment propionate-producing bacteria, and modulate beneficial
microbiota. Consequently, a balanced ratio of Escherichia and Bacteroides, an advantageous
gastrointestinal environment, and the maintenance of intestinal morphology are established
during the early weaning period, resulting in healthier piglets in the later stages of growth.
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Abbreviations

The following abbreviations are used in this manuscript:

ABO Antibiotics

ADG Average daily gain

BWG Body weight gain

CATTD  Coefficient of apparent total tract digestibility
CHO Carbohydrate

CLT Colistin group

CON Control group

CP Crude protein

DLD Department of Livestock Development
DM Dry matter

EE Ether extract

FCR Feed conversion ratio

GE Gross energy

GIT Gastrointestinal tract

HAL Halquinol group

oM Organic matter

SCFA Short-chain fatty acid
ppm Parts per million
PWD Post-weaning diarrhea
VFA Volatile fatty acid
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