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Simple Summary

This study explored how the gut microbes in the ileum (a part of the small intestine) of piglets
develop and function during the nursing period. Using 16s rRNA gene sequencing methods, we
found that the diversity of microbial species in the ileum remained relatively stable. Lactobacillus
became dominant from day 7 onward, with specific species like Lactobacillus johnsonii and
Limosilactobacillus pontis appearing at different stages. Functional analysis revealed that by
day 21, using metagenomics analyses, the ileal microbes were especially active in butanoate
metabolism. By day 28, pathways related to cysteine, methionine, and lysine metabolism
became more prominent—processes vital for amino acid synthesis—primarily associated with
Limosilactobacillus mucosae, Limosilactobacillus oris, and Limosilactobacillus pontis. These findings
show that microbial community and functions change significantly between day 21 and 28,
indicating a key developmental phase for gut health in piglets.

Abstract

In piglets, the gut microbiota matures in a segment-specific manner during the nursing
period, while fecal-based studies provide limited functional resolution across intestinal sites.
We profiled the ileum using 16s rRNA gene sequencing and assessed segmental functions
by shotgun metagenomics at selected ages. Ileal species richness and diversity were
relatively stable across days. Lactobacillus were prominent from day 7, with stage-associated
taxa including Lactobacillus johnsonii, Lactobacillus delbrueckii, Ligilactobacillus salivarius, and
Limosilactobacillus pontis. Through metagenomic functional analysis, at 21 days, genes were
enriched in butanoate metabolism, and Limosilactobacillus pontis as a potential probiotic
played an important role in it. At day 28, metagenomic analysis indicated higher relative
abundance in the ileum of pathways linked to cysteine and methionine metabolism and
lysine biosynthesis, largely carried by Limosilactobacillus mucosae, Limosilactobacillus oris, and
Limosilactobacillus pontis. These data describe the composition and function of the ileum in
the intestines of piglets and indicate a differentiation period around day 21 to day 28.

Keywords: metagenome-assembled genomes; pig gut microorganism; nursing piglets;
16s rRNA gene sequence; ileum
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1. Introduction
The gut microbiota is fundamental to immune maturation and overall health in

piglets [1,2]. Colonization initiates immediately after birth and proceeds through a phase
of rapid ecological succession from 7 to 21 days, with increased compositional stability
approaching weaning at approximately 21 to 30 days [3–6]. Beyond temporal maturation,
pronounced spatial heterogeneity characterizes the intestine. The small intestine exhibits
fast luminal transit and relatively higher oxygen tension, whereas the large intestine
provides an anaerobic, fermentative niche that yields short-chain fatty acids, including
acetate, propionate, and butyrate [7]. Within this division of labor, the ileum, located
between the jejunum and cecum, contributes to the breakdown of complex carbohydrates,
energy harvest, and regulation of mucosal immunity [8–10].

Most prior investigations have relied on fecal sampling and single time points,
which limit the resolution of segment-specific and time-dependent processes during early
life [11–14]. During nursing, piglets experience physiological, environmental, and social
stressors that can modulate microbial assembly [15–17], yet interactions between these
pressures and segmental niches remain insufficiently defined. Segment-resolved and
time-resolved profiling is therefore required to delineate early developmental trajectories.

This study sampled piglets at five developmental ages (day 1, 7, 14, 21, and 28) and
profiled ileal communities using 16s rRNA gene sequencing to chart dynamics. A two-
tier design incorporated shotgun metagenomics at day 14–21 and 21–28 to compare gene
repertoires and KEGG-annotated pathways. The approach accommodated low microbial
biomass in early life and the higher DNA input typically required for shotgun metage-
nomics relative to 16s rRNA gene profiling [18–21]. The working hypothesis posited a
differentiation window from day 14 to 21 and 21 to 28 during which ileum functional capac-
ities diverge with the enrichment of amino acid metabolism in the ileum and antioxidant-
related processes. This framework aims to provide segment-resolved, time-resolved ref-
erences for early-life microbiota in piglets and to inform subsequent mechanistic and
intervention studies.

2. Methods
2.1. Sample Collection

This study used a crossbred piglet model (DLY Duroc × Landrace × Yorkshire)
under uniform feeding conditions in Guangzhou, China (the entire breeding period was
managed in accordance with the regular procedures of the pig farm). Under the guidance
of professional veterinarians, piglets were slaughtered at five time points, 1, 7, 14, 21, and
28 days of age, and intestinal content samples were collected and then used for analyzing
the temporal dynamics of the ileum, with six piglets per time point (a total of thirty piglets).
To ensure consistency, piglets with similar body weights from different stalls were selected
for slaughter, maintaining a 1:1 male-to-female ratio (to reduce the need for additional
repetitive experiments due to extreme weight or gender differences and to minimize stress
and pain to the greatest extent possible). Upon dissection, the ileum was carefully separated.
After separating the middle section of the ileum, we gently squeezed the intestinal content
into centrifuge tubes (Servier (Beijing) Pharmaceutical R&D Co., Ltd., Beijing, China) to
avoid contact with oxygen. Immediately following collection, the intestinal contents were
placed on liquid nitrogen for rapid freezing.

2.2. Library Construction, Quality Control, and Sequencing

Sequencing libraries were generated, and indexes were added to attribute sequences
to each sample. Briefly, PCR amplification of targeted regions was performed by using
specific primers connecting with barcodes. The PCR products with proper size were
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selected by 2% agarose gel electrophoresis. The same amount of PCR products from each
sample was pooled, end-repaired, A-tailed, and further ligated with Illumina adapters.
Libraries were sequenced on a paired-end Illumina platform to generate paired-end raw
reads. Subsequently, the library quality was assessed and quantified by qPCR. Quantified
libraries were pooled and sequenced, according to the effective library concentration and
data amount required, by Novogene Bioinformatics Technology Co., Ltd. (Beijing, China).

2.3. The 16s rRNA Gene Sequence Analysis

The raw sequencing data were processed using QIIME2 (version 2023.9.1) [22]. First,
the data were imported into QIIME2 with the import format set to PairedEndFastqMan-
ifestPhred33. After import, the V3-V4 region primers were trimmed (forward: ACTCC-
TACGGGAGGCAGCA; reverse: GGACTACHVGGGTWTCTAAT), followed by the merg-
ing of the paired-end reads. Quality filtering was performed by removing reads with a
quality score lower than 30 in any 5 bp sliding window, resulting in high-quality reads.
The high-quality reads were then processed using the QIIME2 Deblur plugin for quality
control, including filtering, dereplication, chimera removal, and the generation of a feature
table and representative feature sequences. For taxonomic assignment, representative
sequences were classified with the Greengenes 13_8 99% reference database [23] (V3–V4 re-
gion). Statistical tests for alpha (Simpson) and beta (Bray–Curtis) diversity were conducted
using RStudio (version 4.4.2, 2024). The identification of characteristic microorganisms was
achieved through LEfSe (Linear Discriminant Analysis Effect Size) analysis [24].

2.4. Metagenomic Library Preparation

A total amount of 0.2 µg DNA per sample was used as input material for the DNA li-
brary preparations. Briefly, genomic DNA sample was fragmented by Covaris LE220R-plus
(Covaris, Woburn, MA, USA) to a size of 350 bp. Then DNA fragments were end-polished,
A-tailed, and ligated with the full-length adapter for Illumina sequencing, followed by
further PCR amplification. PCR products were purified by AMPure XPsystem (Beckman
Coulter, Beverly, MA, USA). Subsequently, library quality was assessed using the Agilent
5400 system (AATI) and quantified by real-time PCR (1.5 nM). The qualified libraries were
pooled and sequenced on Illumina platforms with PE150 strategy in Novogene Bioinformat-
ics Technology Co., Ltd. (Beijing, China), according to the effective library concentration
and the data amount required.

2.5. Metagenomic Sequence Analysis

Intestinal content samples from the ileum at 14, 21, and 28 days of age were selected for
metagenomic sequencing. Two low-quality samples were excluded, leaving sixteen samples
for subsequent analyses. Raw sequencing data were quality-controlled using kneaddata
(v0.12.2) [25] with the pig reference genome (Sus scrofa 11.1, GCF_000003025.6_Sscrofa11.1).
Cleaned reads were assembled using MEGAHIT (v1.2.9) [26], and contigs were then
processed with Prodigal (v2.6.3) [27] to predict functional genes. To remove redun-
dancy, genes were dereplicated with CD-HIT (v4.8.1) [28] using the following parameters:
-c 0.95 -G 0 -aS 0.9 -g 1. Gene quantification was performed with Salmon (v1.10.3) [29] after
index construction.

For differential analysis, normalized read counts (numreads) from the three time
points were analyzed in RStudio (version 4.4.2, 2024) using DESeq2 [30]. Differentially
abundant genes were subsequently subjected to KEGG pathway enrichment analysis
using the enricher function [31], and enriched functional modules were mapped via the
KEGG Mapper tool (https://www.kegg.jp/kegg/mapper/reconstruct.html, accessed on
22 October 2025). Finally, differentially abundant genes were taxonomically assigned using
Kraken2 (v2.1.3) [32] against the standard database to identify their host species.

https://www.kegg.jp/kegg/mapper/reconstruct.html
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3. Results
3.1. The 16s rRNA Gene Analysis Reveals the Important Role of Lactobacillus in Ileal Microbiota
Dynamics of Piglets During the Nursing Period

We examined the species composition at different key time points in the ileum using
16s rRNA gene analysis. From 7 days post-birth, the gut microbiota of the ileum was
primarily dominated by Lactobacillus and Limosilactobacillus, which together accounted for
over 75% of the microbiota (Figure 1a).

Figure 1. Analysis of key ages in the intestinal segment of piglets during lactation. (a) The com-
position of the ileum microbiota (at the phylum level); (b) α diversity analysis (Simpson index),
with the light apricot color representing the ileum; (c) β diversity analysis (Bray–Curtis); (d) LEfSe
analysis. Comparison of two adjacent key ages. The column is close to the enriched age. I, ileum
(LDA > 4 indicates extremely significant difference). (e–h) Box plot of relative abundance changes
in Lactobacillus with significant differences in key ages: Lactobacillus johnsonii (e); Lactobacillus
delbrueckii (f); Ligiactobacillus salivarius (g); and Limosilactobacillus pontis (h).

To observe the changes in the gut microbiota of DLY piglets from birth to the appropri-
ate weaning age, we conducted a statistical analysis of 16s rRNA gene data from the ileum.
The Simpson index indicated no significant differences (p > 0.05) in the diversity of gut
microbiota in the ileum across different growth stages (Figure 1b). Principal Coordinates
Analysis (PCoA) of the ileum revealed similar trends, showing minimal beta diversity
changes in the microbiota from 7 days after birth (Figure 1c). LEfSe was used to identify
dominant bacterial taxa at each key time point. Comparisons between consecutive time
points revealed that each 7-day interval after birth was associated with changes in one or
more Lactobacillus (LDA score > 4.0).

In the ileum, compared to D1, Lactobacillus johnsonii (LDA = 5.37, p < 0.01) and Lacto-
bacillus delbrueckii (LDA = 5.09, p < 0.05) were enriched at D7. At D7 vs. D14, Ligiactobacillus
salivarius (LDA = 4.12, p < 0.01), Limosilactobacillus pontis (LDA = 4.11, p < 0.05), and Limosi-
lactobacillus coleohominis_A (LDA = 4.04, p < 0.05) were enriched at D14. At D21 vs. D28,
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Limosilactobacillus pontis (LDA = 4.12, p < 0.01) was enriched at D21 (Figure 1d). In addition,
Akkermansia_muciniphila_D_776786 was enriched in D14 (D7 vs. 14) and D21 (D21 vs. 28).

These findings highlight the important role of Lactobacillus in the growth and develop-
ment of piglets. Specifically, we observed significant changes in the relative abundance of
Lactobacillus species at key time points. Lactobacillus johnsonii (Figure 1e) and Lactobacillus
delbrueckii (Figure 1f) had higher relative abundances. At 14 days post-birth, Lactobacillus
delbrueckii experienced a sharp decline. Meanwhile, Ligiactobacillus salivarius began to
increase in relative abundance at 14 days (Figure 1g). At 21 days, Limosilactobacillus pontis
had a high relative abundance (Figure 1h).

3.2. Metagenomic Analysis of Microbial Functional Changes in Piglets Aged 14–28 Days

The gut microbiota of piglets begins to stabilize around day 21 of lactation, a period
critical for the functional maturation of the ileum. Therefore, we conducted metagenomic
sequencing on samples at the ages of 14, 21, and 28 days. Differential abundance analysis
(DESeq) revealed distinct functional profiles. At day 21, the top 10 enriched KEGG Or-
thologies (KOs) among upregulated genes were K03328, K00244, K01193, K15780, K02818,
K02819, K03319, K05823, K20342, and K02817 (Figure 2a). In contrast, downregulated
genes were predominantly enriched in K00016, K03293, K03778, K03294, K08659, K00841,
K00712, K04086, K22393, and K01577 (Figure 2b). At day 28, the major enriched KOs for
upregulated genes included K03293, K00016, K03294, K07052, K08659, K07493, K11733,
K03758, K22393, and K18923 (Figure 2c), while those for downregulated genes were K01421,
K00656, K21449, K00244, K03091, K06409, K18346, K04076, K07321, and K06399 (Figure 2d).

 

Figure 2. Analysis of differential gene enrichment in piglets. (a,b) KEGG functional units with
up- and downregulated gene enrichment in the ileum at 21 days; (c,d) KEGG functional units with
up- and downregulated gene enrichment in the ileum at 28 days; (e) metabolic function mapping
of KEGG functional units with differential gene enrichment in the ileum at 21 days; (f) metabolic
function mapping of KEGG functional units with differential gene enrichment in the ileum at 28 days.

KEGG pathway enrichment analysis further showed that at day 21, upregulated genes
were significantly enriched in the citrate cycle (TCA cycle), galactose metabolism, starch
and sucrose metabolism, butanoate metabolism, C5-branched dibasic acid metabolism,
oxidative phosphorylation, other carbon fixation pathways, purine metabolism, and pep-
tidoglycan biosynthesis. Pathways enriched in downregulated genes included glycoly-
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sis/gluconeogenesis, the pentose phosphate pathway, pentose and glucuronate intercon-
versions, glyoxylate and dicarboxylate metabolism, propanoate metabolism, cysteine and
methionine metabolism, teichoic acid biosynthesis, glutathione metabolism, and riboflavin
metabolism (Figure 2e).

At day 28, upregulated genes were significantly enriched in pathways such as glycol-
ysis/gluconeogenesis, the pentose phosphate pathway, lysine biosynthesis, cysteine and
methionine metabolism, and riboflavin metabolism. Conversely, downregulated genes
were enriched in the citrate cycle (TCA cycle), butanoate metabolism, oxidative phosphory-
lation, and other carbon fixation pathways. Notably, a comparison across the three time
points highlighted that the citrate cycle (TCA cycle), butanoate metabolism, oxidative
phosphorylation, and other carbon fixation pathways were enriched at day 21 (showing
upregulation compared to day 14 and downregulation compared to day 28) (Figure 2f).

Butanoate metabolism plays an important role in the gut health of piglets around
21 days of age. At day 21, genes enriched in butanoate metabolism are mainly carried by
Streptococcus suis, Streptococcus oriscaviae, Streptococcus parasuis, Streptococcus pluranimalium,
Streptococcus equinus, Streptococcus gallolyticus, Lactococcus cremoris, Lactobacillus delbrueckii,
Lactobacillus amylovorus, Limosilactobacillus pontis, Limosilactobacillus oris, Limosilactobacillus
mucosae, and Carnobacterium maltaromaticum (21 vs. 14 upregulated). At day 28, genes
enriched in Butanoate metabolism are mainly carried by Streptococcus suis, Streptococcus
oriscaviae, Streptococcus sp. 29887, Streptococcus sp. 29892, Streptococcus parasuis, Streptococcus
chenjunshii, Lactobacillus delbrueckii, Limosilactobacillus pontis, Ligilactobacillus salivarius, and
Rothia nasimurium (28 vs. 21 downregulated). The genes enriched in butanoate metabolism
are mainly carried by Streptococcus, Lactobacillus, and Limosilactobacillus (Table S1).

In D28, among the upregulated genes in the amino acid metabolism category, the
major carriers of upregulated genes in the cysteine and methionine metabolism pathway
were Limosilactobacillus mucosae, Limosilactobacillus oris, Limosilactobacillus pontis, Lactobacil-
lus helveticus, Lactobacillus crispatus, and Lentilactobacillus laojiaonis. The major carriers
of upregulated genes in the lysine biosynthesis pathway were Limosilactobacillus reuteri,
Limosilactobacillus pontis, Limosilactobacillus mucosae, Limosilactobacillus oris, and Streptococcus
canis (Table S1).

4. Discussion
We profiled the ileal microbiota across early life and observed stable ileal α-diversity

and limited β-diversity separation from day 7 to 28. From day 7, Lactobacillus and Limosi-
lactobacillus constituted major components. Shotgun metagenomics at day 14, 21, and
28 indicated ileum functional patterns. Notably, the ileal metagenome at day 21 was
significantly enriched in genes related to butanoate metabolism (e.g., K00244, K01575,
and K00656). These results define a critical developmental window between days 14 and
28, characterized by coordinated taxonomic succession and functional maturation of the
ileal microbiota.

Throughout the nursing transition, the succession of Lactobacillus reflected adaptation
to nutritional, immune, and environmental changes. While Lactobacillus and Limosilacto-
bacillus dominated from day 7 onwards (exceeding 75% relative abundance in the ileum),
their dynamic changes were closely associated with microbial stabilization and host devel-
opment. LEfSe analysis highlighted the dynamic role of Lactobacillus across developmental
stages. Specifically, Lactobacillus johnsonii and Lactobacillus delbrueckii were enriched in
the ileum at day 7. Lactobacillus johnsonii and Lactobacillus delbrueckii are typically used to
reduce the occurrence of diarrhea in piglets and enhance intestinal barrier proteins [33,34].
Ligiactobacillus salivarius was enriched at day 14. Ligiactobacillus salivarius can increase the
feed intake of piglets, thereby improving their growth performance [35]. Limosilactobacillus
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pontis was enriched at day 14 and 21. There have been relatively few interventions and
functional tests for Limosilactobacillus pontis in animals. It may be related to some key
functions of piglet development, and it is a potential probiotic.

During the nursing period from day 21 to day 28, ileum function became more com-
plete. The shifts in upregulated and downregulated metabolic pathways in the ileum
reflected the adaptability and functional diversity of the intestinal microbiota.

A key functional shift observed at day 21 was the significant enrichment of the bu-
tanoate metabolism pathway. Butyrate supplementation has been shown to improve the
intestinal morphology by increasing villus height and crypt depth in the jejunum and ileum,
thereby enhancing nutrient absorption and gut barrier function [36]. Butyrate is essential
for providing energy to colonocytes, enhancing intestinal barrier function, and modulat-
ing host immune responses [37,38]. Notably, this functional enrichment corresponded
with a taxonomic shift identified by LEfSe analysis, which revealed Limosilactobacillus
pontis as a biomarker species significantly enriched at day 21. To mechanistically link this
taxon with the observed function, we performed taxonomic annotation (Kraken2) on the
enriched genes. This analysis confirmed that genes involved in butanoate metabolism
were predominantly contributed by Streptococcus, Lactobacillus, and Limosilactobacillus, with
Limosilactobacillus pontis being one of the key contributors. This finding is particularly
relevant as day 21 is a critical developmental window often coinciding with early weaning.
Butyrate supplementation has been associated with an increase in the abundance of benefi-
cial gut bacteria such as Lactobacillus and Bifidobacterium, which play a role in maintaining
gut health and preventing dysbiosis [39–41]. These findings indicate that the L. pontis plays
a crucial role in enhancing butyrate synthesis, thereby supporting gut maturation and
homeostasis during the critical pre-weaning transition as a potential probiotic.

At day 28, in addition to being enriched in carbohydrate metabolism, upregulated
genes in the ileum were also significantly enriched in amino acid metabolism pathways,
such as cysteine and methionine metabolism and lysine biosynthesis. The activation of these
pathways may be associated with increased demands for energy and amino acids in the
gut [42]. Lysine, cysteine, and methionine are restrictive essential amino acids during the
growth process of piglets, which are important for optimal growth performance to meet the
demands of rapid growth, immune regulation, and antioxidant defense [43–45]. Previous
studies have indicated that early post-weaning piglets face multiple challenges, including
incomplete intestinal structural maturation, rapid expansion of the immune system, and
temporarily reduced nutrient absorption efficiency [46]. Our findings confirm this pattern:
even before weaning, the gut microbiota of 28-day-old nursing piglets appeared to be
more orientated toward supporting amino acid metabolism and tissue proliferation than
at day 21, suggesting that the gut microbiota was functionally shifting toward “nutrient
synthesis and growth support”. This can be viewed as a physiological adaptation in which
the intestinal ecosystem and host metabolic demands evolve in synchrony. In practical
applications, when the aim is to improve piglet health and promote weight gain through
microbial regulation or targeted metabolic intervention, utilizing the Lactobacillus identified
in this study, based on functional metagenomic analysis of healthy nursing piglets, may
produce more effective results.

Microbial taxa played important roles in this functional differentiation. In the ileum,
lactic acid bacteria such as Limosilactobacillus and Lactobacillus were involved in amino
acid biosynthesis, involving lysine production and the metabolic processing of cysteine
and methionine. The dynamic transition from day 14 to day 28 highlights how the ileal
microbiota adjusts to changing metabolic demands during piglet growth and development.



Animals 2025, 15, 3102 8 of 10

5. Conclusions
The spatial–temporal dynamics of the gut microbiota in piglets were revealed through

16s rRNA gene sequencing. During the nursing period, there were minimal changes in
species diversity and richness (α-diversity) in the ileum. Several species of Lactobacillus
played key roles at different developmental time points, such as Lactobacillus johnsonii,
Lactobacillus delbrueckii, Ligilactobacillus salivarius, and Limosilactobacillus pontis. Additionally,
metagenomic analysis was used to investigate the enrichment of differential genes and
metabolic pathways in the ileum between 14 and 28 days of age. Limosilactobacillus pontis
affects the butanoate metabolism pathway in 21-day-old piglets as a potential probiotic.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ani15213102/s1, Table S1: The main microbial carriers of differ-
entially expressed genes.

Author Contributions: Conceptualization, B.Y., J.Z. and F.D.; methodology, P.S. and Z.X.; software,
Z.X. and J.Y.; validation, J.Y., B.S. and H.J.; formal analysis, P.S., H.J. and J.C.; investigation, B.Y., P.S.
and B.S.; resources, F.D.; data curation, B.Y. and J.C.; writing—original draft preparation, B.Y. and
P.S.; writing—review and editing, F.D. and Y.L.; visualization, B.Y. and P.S.; supervision, Z.X. and
Y.L.; project administration, J.Z. and F.D.; funding acquisition, F.D. and Y.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (2023YFE0124400), the Specific University Discipline Construction Project (2023B10564001),
Youth Project of Guangdong Foshan joint fund of the Guangdong Natural Science Foundation
(2022A1515110819), and the National Natural Science Foundation of China (No. 32202715).

Institutional Review Board Statement: All animal work was conducted according to the guidelines
for the care and use of experimental animals established by the Ministry of Agriculture of China. The
project was also approved by Experimental Animal Ethics Committee of Foshan University (number:
FOSU2019029906, approval date: 6 July 2024).

Informed Consent Statement: Not applicable.

Data Availability Statement: The dataset supporting the findings of this study is available in the
NCBI repository, BioProject: PRJNA1330193.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Guevarra, R.B.; Lee, J.H.; Lee, S.H.; Seok, M.-J.; Kim, D.W.; Kang, B.N.; Johnson, T.J.; Isaacson, R.E.; Kim, H.B. Piglet Gut Microbial

Shifts Early in Life: Causes and Effects. J. Anim. Sci. Biotechnol. 2019, 10, 1. [CrossRef]
2. Kim, H.B.; Isaacson, R.E. The Pig Gut Microbial Diversity: Understanding the Pig Gut Microbial Ecology through the next

Generation High Throughput Sequencing. Vet. Microbiol. 2015, 177, 242–251. [CrossRef]
3. Saladrigas-García, M.; Durán, M.; D’Angelo, M.; Coma, J.; Pérez, J.F.; Martín-Orúe, S.M. An Insight into the Commercial Piglet’s

Microbial Gut Colonization: From Birth towards Weaning. Anim. Microbiome 2022, 4, 68. [CrossRef] [PubMed]
4. Choudhury, R.; Middelkoop, A.; De Souza, J.G.; Van Veen, L.A.; Gerrits, W.J.J.; Kemp, B.; Bolhuis, J.E.; Kleerebezem, M. Impact

of Early-Life Feeding on Local Intestinal Microbiota and Digestive System Development in Piglets. Sci. Rep. 2021, 11, 4213.
[CrossRef]

5. Liu, Y.; Zheng, Z.; Yu, L.; Wu, S.; Sun, L.; Wu, S.; Xu, Q.; Cai, S.; Qin, N.; Bao, W. Examination of the Temporal and Spatial
Dynamics of the Gut Microbiome in Newborn Piglets Reveals Distinct Microbial Communities in Six Intestinal Segments.
Sci. Rep. 2019, 9, 3453. [CrossRef]

6. Lim, J.-A.; Cha, J.; Choi, S.; Kim, J.-H.; Kim, D. Early Colonization of the Intestinal Microbiome of Neonatal Piglets Is Influenced
by the Maternal Microbiome. Animals 2023, 13, 3378. [CrossRef]

7. Jardon, K.M.; Canfora, E.E.; Goossens, G.H.; Blaak, E.E. Dietary Macronutrients and the Gut Microbiome: A Precision Nutrition
Approach to Improve Cardiometabolic Health. Gut 2022, 71, 1214–1226. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ani15213102/s1
https://www.mdpi.com/article/10.3390/ani15213102/s1
https://doi.org/10.1186/s40104-018-0308-3
https://doi.org/10.1016/j.vetmic.2015.03.014
https://doi.org/10.1186/s42523-022-00221-9
https://www.ncbi.nlm.nih.gov/pubmed/36572944
https://doi.org/10.1038/s41598-021-83756-2
https://doi.org/10.1038/s41598-019-40235-z
https://doi.org/10.3390/ani13213378
https://doi.org/10.1136/gutjnl-2020-323715
https://www.ncbi.nlm.nih.gov/pubmed/35135841


Animals 2025, 15, 3102 9 of 10

8. Lin, A.; Yan, X.; Wang, H.; Su, Y.; Zhu, W. Effects of Lactic Acid Bacteria-Fermented Formula Milk Supplementation on Ileal
Microbiota, Transcriptomic Profile, and Mucosal Immunity in Weaned Piglets. J. Anim. Sci. Biotechnol. 2022, 13, 113. [CrossRef]
[PubMed]

9. Kiela, P.R.; Ghishan, F.K. Physiology of Intestinal Absorption and Secretion. Best Pract. Res. Clin. Gastroenterol. 2016, 30, 145–159.
[CrossRef]

10. Nigam, Y.; Knight, J.; Williams, N. Gastrointestinal Tract 4: Anatomy and Role of the Jejunum and Ileum. Nurs. Times 2019, 115,
41–44.

11. Frese, S.A.; Parker, K.; Calvert, C.C.; Mills, D.A. Diet Shapes the Gut Microbiome of Pigs during Nursing and Weaning. Microbiome
2015, 3, 28. [CrossRef]

12. Quan, J.; Xu, C.; Ruan, D.; Ye, Y.; Qiu, Y.; Wu, J.; Zhou, S.; Luan, M.; Zhao, X.; Chen, Y. Composition, Function, and Timing:
Exploring the Early-Life Gut Microbiota in Piglets for Probiotic Interventions. J. Anim. Sci. Biotechnol. 2023, 14, 143. [CrossRef]

13. Yang, Y.; Liu, Y.; Liu, J.; Wang, H.; Guo, Y.; Du, M.; Cai, C.; Zhao, Y.; Lu, C.; Guo, X. Composition of the Fecal Microbiota of Piglets
at Various Growth Stages. Front. Vet. Sci. 2021, 8, 661671. [CrossRef] [PubMed]

14. Wang, J.; Han, Y.; Meng, F.; Zhao, J.; Zhou, Z.; Fan, H. Fecal Microbiota Succession of Piglets from Birth to Post-Weaning by 454
Pyrosequencing Analysis. Trans. Tianjin Univ. 2017, 23, 211–220. [CrossRef]

15. Li, N.; Zuo, B.; Huang, S.; Zeng, B.; Han, D.; Li, T.; Liu, T.; Wu, Z.; Wei, H.; Zhao, J. Spatial Heterogeneity of Bacterial Colonization
across Different Gut Segments Following Inter-Species Microbiota Transplantation. Microbiome 2020, 8, 161. [CrossRef]

16. Tang, X.; Xiong, K.; Fang, R.; Li, M. Weaning Stress and Intestinal Health of Piglets: A Review. Front. Immunol. 2022, 13, 1042778.
[CrossRef] [PubMed]

17. Campbell, J.M.; Crenshaw, J.D.; Polo, J. The Biological Stress of Early Weaned Piglets. J. Anim. Sci. Biotechnol. 2013, 4, 19.
[CrossRef] [PubMed]

18. Chen, W.; Ma, J.; Jiang, Y.; Deng, L.; Lv, N.; Gao, J.; Cheng, J.; Liang, J.B.; Wang, Y.; Lan, T. Selective Maternal Seeding and Rearing
Environment from Birth to Weaning Shape the Developing Piglet Gut Microbiome. Front. Microbiol. 2022, 13, 795101. [CrossRef]

19. Deng, F.; Han, Y.; Li, M.; Peng, Y.; Chai, J.; Yang, G.; Li, Y.; Zhao, J. HiFi Based Metagenomic Assembly Strategy Provides Accuracy
near Isolated Genome Resolution in MAG Assembly. iMetaOmics 2025, e70041. [CrossRef]

20. Han, Y.; He, J.; Li, M.; Peng, Y.; Jiang, H.; Zhao, J.; Li, Y.; Deng, F. Unlocking the Potential of Metagenomics with the PacBio
High-Fidelity Sequencing Technology. Microorganisms 2024, 12, 2482. [CrossRef]

21. Deng, F.; Wang, C.; Li, D.; Peng, Y.; Deng, L.; Zhao, Y.; Zhang, Z.; Wei, M.; Wu, K.; Zhao, J. The Unique Gut Microbiome of
Giant Pandas Involved in Protein Metabolism Contributes to the Host’s Dietary Adaption to Bamboo. Microbiome 2023, 11, 180.
[CrossRef]

22. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Peña, A.G.; Goodrich, J.K.;
Gordon, J.I. QIIME Allows Analysis of High-Throughput Community Sequencing Data. Nat. Methods 2010, 7, 335–336. [CrossRef]
[PubMed]

23. DeSantis, T.Z.; Hugenholtz, P.; Larsen, N.; Rojas, M.; Brodie, E.L.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.; Andersen, G.L.
Greengenes, a Chimera-Checked 16S rRNA Gene Database and Workbench Compatible with ARB. Appl. Environ. Microbiol. 2006,
72, 5069–5072. [CrossRef] [PubMed]

24. Chang, F.; He, S.; Dang, C. Assisted Selection of Biomarkers by Linear Discriminant Analysis Effect Size (LEfSe) in Microbiome
Data. J. Vis. Exp. (JoVE) 2022, e61715.

25. Schmieder, R.; Edwards, R. Quality Control and Preprocessing of Metagenomic Datasets. Bioinformatics 2011, 27, 863–864.
[CrossRef] [PubMed]

26. Li, D.; Liu, C.-M.; Luo, R.; Sadakane, K.; Lam, T.-W. MEGAHIT: An Ultra-Fast Single-Node Solution for Large and Complex
Metagenomics Assembly via Succinct de Bruijn Graph. Bioinformatics 2015, 31, 1674–1676. [CrossRef]

27. Hyatt, D.; Chen, G.-L.; LoCascio, P.F.; Land, M.L.; Larimer, F.W.; Hauser, L.J. Prodigal: Prokaryotic Gene Recognition and
Translation Initiation Site Identification. BMC Bioinform. 2010, 11, 119. [CrossRef]

28. Fu, L.; Niu, B.; Zhu, Z.; Wu, S.; Li, W. CD-HIT: Accelerated for Clustering the next-Generation Sequencing Data. Bioinformatics
2012, 28, 3150–3152. [CrossRef]

29. Patro, R.; Duggal, G.; Love, M.I.; Irizarry, R.A.; Kingsford, C. Salmon Provides Fast and Bias-Aware Quantification of Transcript
Expression. Nat. Methods 2017, 14, 417–419. [CrossRef]

30. Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

31. Kanehisa, M.; Goto, S. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef]
32. Davis, M.P.; van Dongen, S.; Abreu-Goodger, C.; Bartonicek, N.; Enright, A.J. Kraken: A Set of Tools for Quality Control and

Analysis of High-Throughput Sequence Data. Methods 2013, 63, 41–49. [CrossRef]
33. Yin, Z.; Wang, K.; Liu, Y.; Li, Y.; He, F.; Yin, J.; Tang, W. Lactobacillus Johnsonii Improves Intestinal Barrier Function and Reduces

Post-Weaning Diarrhea in Piglets: Involvement of the Endocannabinoid System. Animals 2024, 14, 493. [CrossRef]

https://doi.org/10.1186/s40104-022-00762-8
https://www.ncbi.nlm.nih.gov/pubmed/36199127
https://doi.org/10.1016/j.bpg.2016.02.007
https://doi.org/10.1186/s40168-015-0091-8
https://doi.org/10.1186/s40104-023-00943-z
https://doi.org/10.3389/fvets.2021.661671
https://www.ncbi.nlm.nih.gov/pubmed/34336969
https://doi.org/10.1007/s12209-017-0045-2
https://doi.org/10.1186/s40168-020-00917-7
https://doi.org/10.3389/fimmu.2022.1042778
https://www.ncbi.nlm.nih.gov/pubmed/36505434
https://doi.org/10.1186/2049-1891-4-19
https://www.ncbi.nlm.nih.gov/pubmed/23631414
https://doi.org/10.3389/fmicb.2022.795101
https://doi.org/10.1002/imo2.70041
https://doi.org/10.3390/microorganisms12122482
https://doi.org/10.1186/s40168-023-01603-0
https://doi.org/10.1038/nmeth.f.303
https://www.ncbi.nlm.nih.gov/pubmed/20383131
https://doi.org/10.1128/AEM.03006-05
https://www.ncbi.nlm.nih.gov/pubmed/16820507
https://doi.org/10.1093/bioinformatics/btr026
https://www.ncbi.nlm.nih.gov/pubmed/21278185
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1016/j.ymeth.2013.06.027
https://doi.org/10.3390/ani14030493


Animals 2025, 15, 3102 10 of 10

34. Wang, X.-L.; Liu, Z.-Y.; Li, Y.-H.; Yang, L.-Y.; Yin, J.; He, J.-H.; Hou, D.-X.; Liu, Y.-L.; Huang, X.-G. Effects of Dietary Supplemen-
tation of Lactobacillus Delbrueckii on Gut Microbiome and Intestinal Morphology in Weaned Piglets. Front. Vet. Sci. 2021, 8,
692389. [CrossRef]

35. Kinara, E.; Mun, J.; Hosseindoust, A.; Tajudeen, H.; Ha, S.; Park, S.R.; Lee, S.; Kim, J. Dietary Supplementation of Lactobacillus
Salivarius in Suckling and Weanling Piglets Modulates Intestinal Microbiota, Morphology and Improves Growth Performance.
J. Anim. Sci. Technol. 2024, 67, 826–838. [CrossRef] [PubMed]

36. Han, Y.; Zhao, Q.; Tang, C.; Li, Y.; Zhang, K.; Li, F.; Zhang, J. Butyrate Mitigates Weanling Piglets from Lipopolysaccharide-
Induced Colitis by Regulating Microbiota and Energy Metabolism of the Gut–Liver Axis. Front. Microbiol. 2020, 11, 588666.
[CrossRef] [PubMed]

37. Tonel, I.; Pinho, M.; Lordelo, M.M.; Cunha, L.F.; Garres, P.; Freire, J.P.B. Effect of Butyrate on Gut Development and Intestinal
Mucosa Morphology of Piglets. Livest. Sci. 2010, 133, 222–224. [CrossRef]

38. Ma, L.; Lyu, W.; Song, Y.; Chen, K.; Lv, L.; Yang, H.; Wang, W.; Xiao, Y. Anti-inflammatory Effect of Clostridium Butyricum-derived
Extracellular Vesicles in Ulcerative Colitis: Impact on Host microRNAs Expressions and Gut Microbiome Profiles. Mol. Nutr. Food
Res. 2023, 67, 2200884. [CrossRef]

39. Zhuang, Y.; Abdelsattar, M.M.; Fu, Y.; Zhang, N.; Chai, J. Butyrate Metabolism in Rumen Epithelium Affected by Host and Diet
Regime through Regulating Microbiota in a Goat Model. Anim. Nutr. 2024, 19, 41–55. [CrossRef]

40. Ma, L.; Tao, S.; Song, T.; Lyu, W.; Li, Y.; Wang, W.; Shen, Q.; Ni, Y.; Zhu, J.; Zhao, J. Clostridium Butyricum and Carbohydrate
Active Enzymes Contribute to the Reduced Fat Deposition in Pigs. Imeta 2024, 3, e160. [CrossRef]

41. Rivière, A.; Selak, M.; Lantin, D.; Leroy, F.; De Vuyst, L. Bifidobacteria and Butyrate-Producing Colon Bacteria: Importance and
Strategies for Their Stimulation in the Human Gut. Front. Microbiol. 2016, 7, 979. [CrossRef]

42. Guevarra, R.B.; Hong, S.H.; Cho, J.H.; Kim, B.-R.; Shin, J.; Lee, J.H.; Kang, B.N.; Kim, Y.H.; Wattanaphansak, S.; Isaacson, R.E. The
Dynamics of the Piglet Gut Microbiome during the Weaning Transition in Association with Health and Nutrition. J. Anim. Sci.
Biotechnol. 2018, 9, 54. [CrossRef] [PubMed]

43. Wan, M.; Yin, Y.; Duan, Y.; Chen, J. Methionine Metabolism, Functions, and Application in Swine. Anim. Nutr. 2025. [CrossRef]
44. Chen, Y.; Li, D.; Dai, Z.; Piao, X.; Wu, Z.; Wang, B.; Zhu, Y.; Zeng, Z. L-Methionine Supplementation Maintains the Integrity and

Barrier Function of the Small-Intestinal Mucosa in Post-Weaning Piglets. Amino Acids 2014, 46, 1131–1142. [CrossRef]
45. Bauchart-Thevret, C.; Cottrell, J.; Stoll, B.; Burrin, D.G. First-Pass Splanchnic Metabolism of Dietary Cysteine in Weanling Pigs.

J. Anim. Sci. 2011, 89, 4093–4099. [CrossRef] [PubMed]
46. Szabó, C.; Kachungwa Lugata, J.; Ortega, A.D.S.V. Gut Health and Influencing Factors in Pigs. Animals 2023, 13, 1350. [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/10.3389/fvets.2021.692389
https://doi.org/10.5187/jast.2024.e58
https://www.ncbi.nlm.nih.gov/pubmed/40874005
https://doi.org/10.3389/fmicb.2020.588666
https://www.ncbi.nlm.nih.gov/pubmed/33363521
https://doi.org/10.1016/j.livsci.2010.06.069
https://doi.org/10.1002/mnfr.202200884
https://doi.org/10.1016/j.aninu.2024.04.027
https://doi.org/10.1002/imt2.160
https://doi.org/10.3389/fmicb.2016.00979
https://doi.org/10.1186/s40104-018-0269-6
https://www.ncbi.nlm.nih.gov/pubmed/30069307
https://doi.org/10.1016/j.aninu.2025.06.001
https://doi.org/10.1007/s00726-014-1675-5
https://doi.org/10.2527/jas.2011-3944
https://www.ncbi.nlm.nih.gov/pubmed/21821812
https://doi.org/10.3390/ani13081350
https://www.ncbi.nlm.nih.gov/pubmed/37106913

	Introduction 
	Methods 
	Sample Collection 
	Library Construction, Quality Control, and Sequencing 
	The 16s rRNA Gene Sequence Analysis 
	Metagenomic Library Preparation 
	Metagenomic Sequence Analysis 

	Results 
	The 16s rRNA Gene Analysis Reveals the Important Role of Lactobacillus in Ileal Microbiota Dynamics of Piglets During the Nursing Period 
	Metagenomic Analysis of Microbial Functional Changes in Piglets Aged 14–28 Days 

	Discussion 
	Conclusions 
	References

