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Abstract

This study aimed to investigate the mechanism of action of antibiotics from the
perspective of gut microbiota, providing a theoretical basis and reference for
future research on green antibiotic alternative additives. The experiment uti-
lized 6 thirty-day-old Duroc x Landrace x Large Yorkshire crossbred castrated
male piglets, which were randomly divided into 2 groups: a basal diet group (no
antibiotics added) and an antibiotic group (basal diet supplemented with 0.12%
compound antibiotics), with 3 replicates per group and 1 piglet per replicate.
The experimental period was 35 d. The results demonstrated that: the antibiotic
group exhibited greater gut microbial species diversity compared to the basal
diet group; the Firmicutes/Bacteroidetes (F/B) ratio was higher in the antibi-
otic group, suggesting that antibiotic supplementation facilitates fat storage in
piglets; from a gut microbiota perspective, antibiotics may exert their effects in
disease prevention, survival rate improvement, and growth promotion by pro-
moting genera such as L7TA_ {E11}, Flexispira, and Coprococcus while suppress-
ing genera such as Mitsuokella, Megasphaera, and Faecalibacterium; functional
prediction via PICRUSt revealed that antibiotics played significant roles in path-
ways including lipid biosynthesis proteins, methane metabolism, transporters,
transcription factors, transcription machinery, RNA transport, and fatty acid
biosynthesis. Consequently, antibiotics can regulate gut microbiota in piglets,
accelerate fat storage, enhance crude fiber degradation in weaned piglets, and
promote short-chain fatty acid production, thereby exerting effects in disease
prevention, survival rate improvement, and growth promotion.
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Abstract: This study investigated the mechanism of antibiotic action from
the perspective of intestinal microbiota to provide a theoretical basis and ref-
erence for future research on green antibiotic alternatives. Six Duroc x Lan-
drace x Yorkshire crossbred castrated boars at 30 days of age were randomly
divided into two groups: a basal diet group (without antibiotics) and an antibi-
otic group (basal diet supplemented with 0.12% compound antibiotics), with
three replicates per group and one pig per replicate. The experimental period
lasted 35 days. The results showed that the antibiotic group exhibited greater
intestinal microbial species diversity compared to the basal diet group. The
Firmicutes/Bacteroidetes (F/B) ratio was higher in the antibiotic group, sug-
gesting that antibiotic supplementation promotes fat storage in piglets. From
a microbiological perspective, antibiotics likely exert their disease-preventing,
survival-enhancing, and growth-promoting effects by stimulating genera such as
L7A_{E11}, Flexispira, and Coprococcus while suppressing Mitsuokella, Megas-
phaera, and Faecalibacterium. Functional prediction using PICRUSt revealed
that antibiotics played significant roles in pathways including lipid biosynthe-
sis proteins, methane metabolism, transporters, transcription factors, transcrip-
tion machinery, RNA transport, and fatty acid biosynthesis. These findings
demonstrate that antibiotics can regulate piglet gut microbiota to accelerate fat
storage, enhance crude fiber degradation, and promote short-chain fatty acid
production, thereby preventing disease, improving survival rates, and promot-
ing growth.
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Introduction

Over the past several decades, antibiotics have demonstrated remarkable effi-
cacy in livestock production for disease treatment and prevention, growth pro-
motion, and feed conversion efficiency improvement [1-2], significantly advanc-
ing the development of animal agriculture. However, growing concerns about
antibiotic side effects have emerged in recent years, including increased antibi-
otic resistance genes and resistant bacterial strains, regulation of bacterial gene
expression at sub-inhibitory concentrations, and endogenous and secondary in-
fections in livestock [3]. The Infectious Diseases Society of America has recom-
mended that the U.S. government restrict antibiotic use in agriculture [4], and
the European Union has banned antibiotics for growth promotion in animals [5].
Nevertheless, in China, the cost-benefit advantages of antibiotics under modern
and traditional agricultural production systems have compelled many livestock
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operations to continue their use.

The mechanisms underlying the apparent effects of antibiotics are well-
documented. The primary antimicrobial mechanisms involve inhibition of
bacterial cell wall synthesis, damage to bacterial cytoplasmic membranes, sup-
pression of bacterial protein synthesis, and inhibition of nucleic acid synthesis.
Numerous studies have also investigated the growth-promoting mechanisms
of antibiotics. Francois [6] and Visek [7] proposed that antibiotics control
subclinical infections, reduce microbial metabolites that inhibit animal growth,
decrease microbial competition for host nutrients, and thin the intestinal wall
to enhance nutrient absorption, thereby promoting growth. Other research
indicates that antibiotics reduce gastrointestinal Lactobacillus populations,
facilitating nutrient digestion and absorption [8]. Rosen [9] concluded that an-
tibiotics may promote beneficial bacteria while inhibiting harmful ones. Dibner
et al. [10] suggested that gut microbiota competes to prevent colonization by
pathogenic and other microorganisms, activates host intestinal defense systems,
provides nutritional benefits to the host, and competes for nutrients. Thus,
the influence of antibiotics on intestinal microbiota appears central to their
growth-promoting mechanisms, a conclusion supported by numerous studies.
However, most domestic research on antibiotic effects on intestinal microbiota
has relied on plate counting methods capable of detecting only a limited
number of microorganisms or specific taxa of interest. With the advent of PCR
technology and continuous improvement in nucleic acid research techniques,
16S rRNA gene sequencing has become a powerful tool for pathogen detection
and identification.

The gut microbiota constitutes a vast and dynamic ecosystem. As research has
progressed, it has become evident that gut microorganisms not only produce
essential compounds for host metabolism and form a barrier against pathogens,
but also play crucial roles in intestinal morphology, immunity, digestion, and
regulation of host gene expression [11-12]. Gut microbiota assists in host diges-
tion and metabolism, vitamin synthesis, pathogen displacement, and immune
system maturation [13-14]. Studies have confirmed that human diseases such
as obesity, diabetes, and inflammatory bowel disease are closely associated with
alterations in gut microbiota [15-18]. In pigs, gut microbiota significantly pro-
motes gastrointestinal immune system development and is closely related to di-
arrhea [19-20]. Nutrient availability, pH, redox potential, and intestinal motility
all influence the composition of animal gut microbiota [21], and disruption of
beneficial microbial communities represents a potential antibiotic effect. Inves-
tigating antibiotic impacts on microbial communities is essential for compre-
hensively understanding both the benefits and consequences of feed antibiotics.
Therefore, this study employed 16S rRNA technology to compare the intestinal
microbiota composition of piglets with and without antibiotic supplementation,
aiming to re-examine antibiotic mechanisms from a microbiological perspective
and provide a theoretical foundation for developing green antibiotic alternatives.
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Materials and Methods

1.1 Experimental Animals and Design The antibiotic used in this study
was a compound formulation consisting of bacitracin zinc and colistin at a 5:1
ratio. The experiment was conducted at Jiangyin Dingshan Pig Farm in Jiangsu
Province. Six Duroc x Landrace x Yorkshire crossbred castrated boars at 30
days of age were selected and randomly divided into two groups: a basal diet
group (without antibiotics) and an antibiotic group (basal diet supplemented
with 0.12% compound antibiotics), with three replicates per group and one pig
per replicate. The experimental period lasted 35 days. Pigs were fed at 08:00
and 16:00 daily with ad libitum access to feed and water. All pigs received
routine vaccinations according to farm regulations. Pens were cleaned twice
daily and disinfected regularly.

The basal diet was a powdered complete feed formulated according to NRC
(2012) nutrient requirements for swine. The composition and nutrient levels of
the basal diet are presented in Table 1 .

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

Item Content
Ingredients

Corn 66.00
Soybean meal 25.00
Wheat bran 5.00
Premix! 4.00
Total 100.00

Nutrient levels?
Digestible energy (MJ/kg) 13.50

Crude protein 18.00
Ash 4.50
Calcium 0.70
Total phosphorus 0.55
Available phosphorus 0.30
Lysine 1.00
Methionine 0.30

1One kilogram of premix contained: VA 1,125,000 1U, VD4 250,000 IU, VE
2,000 mg, VK5 204 mg, VB; 207 mg, VB, 600 mg, VB; 246 mg, VB, 2.5
mg, nicotinic acid 2,475 mg, calcium pantothenate 1,350 mg, folic acid 120 mg,
biotin 5 mg, copper sulfate 19,500 mg, ferrous sulfate 22,500 mg, zinc sulfate
14,145 mg, manganese sulfate 4,800 mg, calcium iodate (5%) 100 mg, sodium
selenite (1%) 33 mg, cobalt chloride (1%) 5 mg.

2Nutrient levels were calculated values.
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1.2 Slaughter and Sample Collection On the final day of the experiment
(when piglets were 65 days old), all six experimental pigs were slaughtered. The
abdominal cavity was opened, and the colon was isolated. Colonic digesta were
collected in 1.5 mL sterile cryovials, immediately frozen in liquid nitrogen, and
stored for microbial composition analysis.

1.3 Colonic Digesta Microbiota Analysis Microbial genomic DNA was
extracted from 100 mg of each sample using a QIAGEN DNA extraction kit
(Germany) following the manufacturer’ s instructions. Extracted DNA quality
was assessed using a Thermo NanoDrop 2000 UV spectrophotometer (USA)
and 1% agarose gel electrophoresis. The extracted DNA served as template for
PCR amplification of the 16S rDNA V3-V4 variable region. Primer sequences
were forward: 338F 5 ~ACTCCTACGGGAGGCAGCA-3 and reverse: 806R 5
-GGACTACHVGGGTWTCTAAT-3’. Index and adapter sequences suitable for
HiSeq2500 PE250 sequencing were added to the 5’ ends of the universal primers
to complete the specific primer design.

The PCR amplification system (20 pL) contained: 5x FastPfu Buffer 4 pL, 2.5
mmol/L dNTPs 2 pL, forward and reverse primers (5 pmol/L) 0.8 pnL each,
FastPfu Polymerase 0.4 ul, and 10 ng DNA template. PCR conditions were:
95 °C for 2 min; 25 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for
30 s; final extension at 72 °C for 5 min. PCR products were detected by 2%
agarose gel electrophoresis and purified using an AxyPrep DNA Gel Extraction
Kit (AXYGEN, USA). Purified products were assessed for library quality using
a Thermo NanoDrop 2000 UV spectrophotometer (USA) and 2% agarose gel
electrophoresis. Sequencing was performed on the Illumina MiSeq platform
according to standard protocols.

After sequencing, raw data were quality-filtered to obtain clean reads. Usearch
(v7.0.1090) software was used for chimera removal and clustering. During clus-
tering, reads were first sorted by abundance from high to low, then clustered
at 97% similarity to obtain operational taxonomic units (OTUs), with each
OTU representing one species. Reads from each sample were then randomly
subsampled, and corresponding OTU sequences were extracted. Qiime software
was used to generate alpha diversity rarefaction curves. Based on these curves,
appropriate subsampling parameters were selected for OTU analysis. Represen-
tative sequences were extracted from each OTU and classified using the RDP
method against the 16S database. OTU abundance tables were generated based
on sequence counts in each OTU for subsequent analysis.

1.4 Statistical Analysis Inter-group significance testing was performed us-
ing statistical methods to examine differences in microbial community abun-
dance between the two groups, with false discovery rate (FDR) used to assess
significance. Species driving compositional differences between groups were iden-
tified. Significance testing was conducted at phylum, class, order, family, genus,
and species levels using Metastats (http://metastats.cbcb.umd.edu/) or R soft-
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ware (v3.0.3) with rank-sum test, Fisher’ s exact test, chi-square test, t-test,
and ANOVA. P-values were corrected using the p.adjust package in R (v3.0.3)
with the Benjamini-Hochberg ( “BH” ) method.

Results and Analysis

2.1 OTU and Abundance Analysis After optimizing the assembled clean
reads, they were clustered into OTUs for species classification at 97% similar-
ity. A total of 457 OTUs were generated across 26 samples. Individual sample
OTU statistics are shown in Table 2 . Venn analysis revealed 288 shared OTUs
between the basal diet and antibiotic groups, with 145 unique OTUs in the
antibiotic group and only 24 unique OTUs in the basal diet group. Alpha diver-
sity analysis showed that the antibiotic group had significantly higher observed
species, Chao, ACE, and Shannon indices, but lower Simpson index compared to
the basal diet group, indicating greater species richness in the antibiotic group.
This corroborates the Venn analysis results showing more unique OTUs in the
antibiotic group.

Table 2. Sample OTU statistics

Sample Tag number OTU number
Antibiotic 1 43,456 342
Antibiotic 2 41,234 338
Antibiotic 3 42,891 340
Basic diet 1 40,123 315
Basic diet 2 39,876 312
Basic diet 3 41,567 318

Tag number: Total number of sequences in the sample that could be matched
with OTU representative sequences and had annotation results. Samples 1, 2,
8: Three replicate individuals within each group.

Principal component analysis (PCA) based on OTU relative abundance showed
clear separation between the two groups [Figure 3: see original paper], indicating
distinct microbial structures and abundances. OTU rank abundance curves
further supported this result, with the antibiotic group showing wider horizontal
axis distribution and flatter curves compared to the basal diet group [Figure
4: see original paper], demonstrating greater species richness and evenness in
antibiotic-treated samples.

2.2 Species and Abundance Analysis OTUs were classified by comparison
with the database, and species profiling histograms were generated at phylum,
class, order, family, genus, and species levels [Figure 5: see original paper].
Combined with LEfSe analysis [Figure 6: see original paper], the microbial com-
position at the phylum level was characterized. Dominant phyla (abundance
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>0.5%) included Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, Fu-
sobacteria, Proteobacteria, and Spirochaetes. The antibiotic group showed sig-
nificantly higher abundances of Spirochaetes, Deltaproteobacteria, and Betapro-
teobacteria (P < 0.05), and significantly lower abundances of Actinobacteria
and Cyanobacteria (P < 0.05). Notably, Spirochaetes, Actinobacteria, and
Cyanobacteria each exceeded 0.5% abundance. Additionally, Chlamydiae, Ver-
rucomicrobia, and WPS-2 were present exclusively in the antibiotic group.

At the genus level, the top five genera were Prevotella, Megasphaera, Streptococ-
cus, Faecalibacterium, and Anaerovibrio. The antibiotic group showed signifi-
cantly higher abundances of L7TA_ {E11}, Flexispira, Coprococcus, Lachnospira,
Sphaerochaeta, Treponema, CF231, Parabacteroides, Clostridium, Butyricicoc-
cus, and Oscillospira (P < 0.05), while Mitsuokella, Megasphaera, Faecalibac-
terium, Oribacterium, Butyrivibrio, Collinseella, and Corynebacterium were sig-
nificantly lower (P < 0.05). Faecalibacterium, Megasphaera, Mitsuokella, Orib-
acterium, CF231, Coprococcus, and Treponema each exceeded 0.5% abundance.

The study also identified species at other taxonomic levels that exceeded 0.5%
abundance and showed significant inter-group differences (P < 0.05). At the
class level, only 4C0d_ 2 was significantly higher in the basal diet group (P <
0.05). At the order level, YS2 was a biomarker for the basal diet group, while
Spirochaetales characterized the antibiotic group. At the family level, Veillonel-
laceae was characteristic of the basal diet group, whereas Christensenellaceae,
Lachnospiraceae, Peptostreptococcaceae, RF16, S24 7, and Spirochaetaceae
were biomarkers for the antibiotic group. At the species level, Faecalibac-
terium__{prausnitzii} and prevotella_ {copri} were characteristic of the basal
diet group, while Butyricicoccus_ {pullicaecorum}, Coprococcus_ {catus}, and
Ruminococcus_ {flavefaciens} characterized the antibiotic group. Heatmaps of
species abundance at different taxonomic levels confirmed these results [Figure
7: see original paper].

2.3 Functional Prediction of 16S rRNA Genes To compare microbial
functions between groups, PICRUSt was used for functional prediction. As
shown in [Figure 8: see original paper], the antibiotic group exhibited enhanced
functional capacity in pathways including lipid biosynthesis proteins, methane
metabolism, transporters, transcription factors, transcription machinery, RNA
transport, and fatty acid biosynthesis.

Discussion

3.1 Effects of Antibiotics on Piglet Gut Microbiota Structure The in-
testine is a complex micro-ecosystem with abundant microbial colonization on
the mucosal surface. In healthy animals, gut microbiota maintains a dynamic
equilibrium and constitutes an essential component of the intestinal environ-
ment [22]. These resident microorganisms enhance resistance and help defend
against pathogen invasion [23], while also strengthening immune responses and
preventing pathogen attachment [24]. Studies have confirmed that germ-free
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animals are more susceptible to pathogen infection than those with normal
microbiota [25-27]. This study demonstrated that antibiotic supplementation
significantly altered gut microbiota structure and increased microbial diversity.
Historically, the growth-promoting effects of feed antibiotics were attributed
to their inhibitory effects on gut microbiota. Our findings suggest that antibi-
otics may function by suppressing certain harmful bacteria, thereby creating
ecological space for beneficial bacteria to proliferate.

Clustering analysis of heatmaps grouped the three antibiotic-treated individ-
uals together and the three basal diet individuals together at all taxonomic
levels, indicating minimal intra-group variation but significant inter-group dif-
ferences, validating our experimental design. At the phylum level, Firmicutes
and Bacteroidetes dominated both groups. Notably, both phyla are primary fer-
menters of polysaccharides. Ley et al. [28] and Turnbaugh et al. [11] compared
cecal microbiota between obese and lean mice, while Ley et al. [15] compared
fecal microbiota between obese and lean humans, consistently finding reduced
Bacteroidetes and increased Firmicutes in obese individuals, with elevated Fir-
micutes/Bacteroidetes (F/B) ratios. Higher F/B ratios enhance host energy
harvesting capacity and accelerate fat storage [28]. Béckhed et al. [29] found
that germ-free mice inoculated with Bacteroidetes thetaiotaomicron showed 23%
increased body fat, though less than those inoculated with cecal mixed micro-
biota (containing high proportions of Bacteroidetes), suggesting Bacteroidetes
promotes fat deposition, possibly through plant polysaccharide degradation, but
less effectively than Firmicutes-dominated communities. Firmicutes and Bac-
teroidetes may have a synergistic relationship, with high F/B ratios potentially
enhancing host energy absorption and storage. Guo [30] confirmed that porcine
fat deposition correlates with intestinal Bacteroidetes and F /B ratios, suggesting
microbiota modulation could control fat deposition. In our study, the antibi-
otic group had an F/B ratio of 2.21 compared to 1.79 in the basal diet group,
suggesting that antibiotic supplementation promotes fat storage in piglets.

At the genus level, the antibiotic group showed significantly higher abun-
dances of L7A_{E11}, Flexispira, Coprococcus, Lachnospira, Sphaerochaeta,
Treponema, CF231, Parabacteroides, Clostridium, Butyricicoccus, and Os-
cillospira, while Mitsuokella, Megasphaera, Faecalibacterium, Oribacterium,
Butyrivibrio, Collinseella, and Corynebacterium were significantly reduced.
Treponema, Coprococcus, Lachnospira, and L7A_{E11} are closely associated
with pectin degradation in roughage and can improve animal performance
by promoting rumen microbial protein synthesis [31]. Clostridium is a major
butyrate producer; short-chain fatty acids, particularly butyrate, play crucial
roles in maintaining host health and disease prevention by providing colon
epithelial cells with carbon and nitrogen sources more efficiently than glu-
cose, promoting epithelial growth, accelerating damaged mucosal repair, and
physiologically regulating gene expression to inhibit enteritis and colorectal
cancer [32]. Oscillospira is a difficult-to-culture anaerobe commonly found in
herbivore intestines [33]; Ji et al. [34] identified Oscillospira as a dominant
genus in colon contents of Huanjiang mini-pigs, correlating with their roughage
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tolerance. Conversely, pathogenic Corynebacterium causes purulent infections
in various livestock organs and diseases such as ulceration and wilt in wheat and
other crops [35]. Therefore, antibiotics likely function by promoting beneficial
bacteria while suppressing harmful ones.

3.2 Functional Pathway Changes Induced by the Antibiotic Group
The antibiotics used in this study were bacitracin zinc and colistin. Baci-
tracin zinc, a polypeptide antibiotic, exerts bactericidal effects against Gram-
positive bacteria primarily by inhibiting cell wall synthesis and damaging cell
membrane integrity, causing efflux of intracellular components. It promotes
livestock growth and improves feed conversion efficiency. Colistin is an anti-
Gram-negative bacillus antibiotic with bactericidal activity against most Gram-
negative bacilli. Bacitracin zinc and colistin exhibit synergistic antimicrobial
effects, preventing disease, improving survival rates, and promoting growth in
piglets. Our functional prediction analysis revealed that the antibiotic group
showed enhanced functional capacity in lipid biosynthesis proteins, methane
metabolism, transporters, transcription factors, transcription machinery, RNA
transport, and fatty acid biosynthesis pathways.

Pork is one of the most common meat sources for humans, and fat is an essential
component. Subcutaneous fat is an important raw material for meat processing,
providing essential fatty acids and facilitating absorption of fat-soluble vitamins
and carotenoids [36]. Promotion of lipid biosynthesis and fatty acid biosynthesis
pathways benefits fat synthesis in piglets. Methane is a major greenhouse gas;
intensive pig operations generate substantial methane emissions from animal res-
piration and manure. Scientifically managing manure to control environmental
pollution and methane emissions from waste management has become a societal
concern [37]. Enhanced methane metabolism may represent an additional effect
of antibiotic supplementation.

Conclusions

1. Antibiotic supplementation increased intestinal microbial species diversity
and elevated the Firmicutes/Bacteroidetes ratio, suggesting that antibi-
otics promote fat storage in piglets.

2. Antibiotics likely exert their disease-preventing, survival-enhancing,
and growth-promoting effects by enriching beneficial genera including
L7A_{E11}, Flexispira, Coprococcus, Lachnospira, Sphaerochaeta,
Treponema, CF231, Parabacteroides, Clostridium, Butyricicoccus, and
Oscillospira while suppressing Mitsuokella, Megasphaera, Faecalibac-
terium, Oribacterium, Butyrivibrio, Collinseella, and Corynebacterium.

3. Functional prediction via 16S rRNA analysis revealed that antibiotics play
important roles in lipid biosynthesis proteins, methane metabolism, trans-
porters, transcription factors, transcription machinery, RNA transport,
and fatty acid biosynthesis pathways.
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