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a b s t r a c t

This study explored the developmental changes in small intestinal barrier function and the potential
regulatory roles of intestinal microbiota and metabolites in different breeds of piglets during suckling
and weaning periods. Taoyuan black (TB), Xiangcun black (XB), and Duroc (DR) piglets (10 litters per
breed; half male and half female) were selected for sampling to evaluate the intestinal barrier-related
indexes and intestinal microbiota and metabolites at 1, 10, 21 (weaned), and 24 (3 d after weaning)
d old. The results showed that weaning led to severe shedding of small intestinal microvilli and sparse
microvilli arrangement. D-lactate level in the ileum of TB and XB piglets during suckling and weaning
periods was lower (P < 0.01) than that of DR piglets, as well as the ileal diamine oxidase level at 1 d old.
The expression level of mucin 1 was higher (P < 0.05) in the ileum of TB and XB piglets than that of DR
piglets, and it was the highest in the ileum of TB piglets at 21 d old. The expression levels of mucin 2 and
mucin 13 were higher (P < 0.10) in TB and XB piglets than those of DR piglets at 21 d old, whereas mucin
2 and mucin 13 in the ileum of TB and XB piglets were higher (P < 0.05) than those of DR piglets at 24 d
old. TB and XB piglets had a lower relative abundance of Escherichia_Shigella at 21 and 24 d old, but they
had higher Streptococcus at 1 and 24 d old than DR piglets (P < 0.01). Differential metabolites between
the three breeds of piglets were mainly related to oxidative phosphorylation, steroid biosynthesis, and
bile acid synthesis. Collectively, these findings suggest that different pig breeds present differences in the
development of the small intestinal barrier function. Compared with DR piglets, TB and XB piglets had
higher intestinal permeability during the suckling period and a stronger intestinal mechanical barrier
after weaning. Moreover, intestinal microbiota and metabolites are the key factors for developing small
intestinal barrier functions in different breeds of piglets.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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1. Introduction

The integrity of the intestinal barrier is essential for optimal
digestion, absorption, and immune response in animals, especially
for young ones (Okumura and Takeda, 2017). Meanwhile, intestinal
epithelial cell (IEC) are the first line of defense for immunity, which
can form the intestinal barrier by secreting mucins and interacting
with intestinal microbiota and their metabolites (Turner, 2009).
Suckling and weaning are the two key window periods for intes-
tinal barrier development. Despite differences between species,
most animals (including pigs) experience a decrease in intestinal
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:nnkxf@isa.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aninu.2023.09.005&domain=pdf
www.sciencedirect.com/science/journal/24056545
http://www.keaipublishing.com/en/journals/aninu/
https://doi.org/10.1016/j.aninu.2023.09.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.aninu.2023.09.005
https://doi.org/10.1016/j.aninu.2023.09.005


Table 1
Ingredients composition and nutrient levels of diets (dry matter basis).

Item Content, %

Ingredients
Corn (8% CP) 22.70
Broken rice 8.50
Wheat flour 10.00
Soybean meal (46% CP) 5.50
Fermented soybean meal 6.00
Extruded soybeans (35.5% CP) 18.00
Pentapeptide 6.25
Fish meal (67% CP) 3.00
Fish solubles (55% CP) 1.25
Yeast hydrolyzate (45% CP) 1.25
Fat powder 1.25
Limestone powder 0.30
Ca(H2PO4)2 0.80
Whey powder (low-protein) 7.50
Glucose 6.25
Zinc oxide 0.20
L-Lysine hydrochloride (78.5%) 0.50
DL-Methionine (99%) 0.12
L-Threonine (98.5%) 0.13
Premix1 0.50
Total 100.00
Nutrient levels2

Digestive energy, MJ/kg 14.20
Crude protein 18.11
Lysine 1.41
Methionine 0.45
Threonine 0.91
Calcium 0.65
Available phosphorus 0.45

1 Per kilogram of premix containing 2,500 IU vitamin A, 575 IU vitamin
D3, 80 IU vitamin E, 0.8 mg vitamin K, 0.62 mg vitamin B1, 2 mg vitamin B2,
7 mg vitamin B6, 10 mg vitamin B12, 10 mg niacin, 6 mg pantothenic acid,
2.5 mg biotin, 6 mg Cu (CuSO4), 100 mg Fe (Fe2(SO4)3$H2O), 100 mg Zn
(ZnSO4$H2O), 4 mg Mn (MnSO4$H2O), 0.20 mg I (Ca(IO3)2), and 0.3 mg Se
(Na2SeO3).

2 Nutrient levels are measured values.
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permeability during 2 to 3weeks after birth (De Quelen et al., 2011).
Commercial piglets are weaned earlier than their natural weaning
time, which poses additional challenges to piglets. Early weaning
blocks the acquisition of passive immunity from breast milk, while
stressors associated with early weaning disrupt the intestinal bar-
rier function of piglets (Moeser et al., 2017). Due to changes in diets
and separation from the maternal environment, weaning not only
causes significant changes in the structure and function of the small
intestine of piglets but also leads to intestinal inflammation,
thereby damaging the villous crypt structure and intestinal barrier
function (Montagne et al., 2007). Several factors, including genetic
background, microbial colonization, and colostrum and milk
composition are associated with the early intestinal barrier devel-
opment of piglets (Rogier et al., 2014). However, the exact mecha-
nism remains unclear.

Intestinal symbiotic microbiota directly or indirectly contributes
to the intestinal health of piglets by enhancing intestinal barrier
function (Adak and Khan, 2019). For instance, intestinal microbiota,
including Lactobacillus and Bifidobacterium, can directly inhibit the
survival of pathogenic bacteria by competing for their ecological
niche and nutrient (Bauer et al., 2018). The composition and di-
versity of the intestinal microbiota in pigs change dynamically
(Petri et al., 2010). After weaning, the diversity and abundance of
beneficial bacteria decrease while the abundance of pathogenic
bacteria increases (Tao et al., 2015). Intestinal microbiota promotes
the maturation of adaptive immunity by providing low-level im-
mune stimulation, such as inducing the production of IgA and
regulating the baseline level of anti-inflammatory factors that
promote the maintenance of epithelial barrier and tight junctions
(Hiippala et al., 2018). Moreover, intestinal microbiota could regu-
late intestinal barrier function by fermenting carbohydrates in the
intestine to produce short-chain fatty acids (SCFA), which can
transport nutrients for IEC and play a positive role in IEC regener-
ation and mechanical barrier function (Adak and Khan, 2019; Peng
et al., 2009). The changes in intestinal microbial composition are
closely related to the health of animals. Therefore, it is of great
significance to elucidate the changes in intestinal microbiota and
metabolites during the suckling and weaning periods to maintain
the health of piglets.

The intestinal barrier is the functional isolation zone of the
normal intestine, which separates the intestinal cavity from the
internal environment of the body and prevents the invasion of
pathogenic antigens, especially for young animals (Pluske et al.,
2018). However, the development of the intestinal barrier of Chi-
nese indigenous piglets and their resistance to weaning stress still
need to be explored. Most studies onweaned piglets are focused on
commercially hybrid pigs, and limited information exists on Chi-
nese indigenous pigs. The Xiangcun black (XB) pig is a cross-breed
pig breed of the Taoyuan black (TB) pig as a female parent and the
Duroc pig (DR) as amale parent. Our previous study showed that TB
and XB piglets could resist the immune stress caused by weaning,
but the differences in intestinal barrier function after weaning need
to be elucidated (Ding et al., 2022). Therefore, it is necessary to
understand the differences in intestinal barrier function estab-
lishment in different pig breeds to prevent weaning stress effi-
ciently. Previous research evidence suggests that there are
differences in intestinal microbial composition between Chinese
indigenous and commercial pigs (Xiao et al., 2018), which might be
an important reason for the resistance to weaning stress of indig-
enous pigs. Therefore, we hypothesized that there might be dif-
ferences in the intestinal barrier function between Chinese
indigenous (TB and XB) and foreign (DR) breeds of piglets, which
may be related to the differences in intestinal microbiota and me-
tabolites of different breeds of piglets. Thus, the present study
aimed to evaluate the developmental changes in intestinal barrier
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function and the potential regulatory roles of intestinal microbiota
and metabolites in different breeds of piglets during suckling and
weaning periods. The findings will provide a theoretical basis for
explaining the resistance to weaning stress of Chinese indigenous
piglets.
2. Materials and methods

2.1. Animal ethics statement

All experiments complied with the ARRIVE guidelines. The
procedures of animal experiments were carried out in accordance
with the Animal Care and Use Committee of the Institute of Sub-
tropical Agriculture, Chinese Academy of Sciences (Approval no.
20200018).
2.2. Animals and experimental protocol

A total of 30 litters of healthy newborn piglets, including TB, XB,
and DR piglets (10 litters per breed), were selected from their
respective sows with similar parities (2 to 3) and litter sizes (9 to
11), respectively. Suckling piglets were not given creep feed. All
piglets were weaned at 21 d old and fed creep feed, and the diet
composition is shown in Table 1. Feeding management refers to the
feeding management model of commercial companies. The
experimental piglets were not received any vaccination during the
trial.
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2.3. Sample collection

At 1, 10, 21 (weaned), and 24 (3 d after weaning) d old, 12 h after
the last feeding, 10 piglets per breed (one piglet from each litter;
half male and half female; male piglets were not castrated) close to
the average body weight per litter were selected for sampling. The
piglets were euthanized for sampling after intramuscular injection
of Zoletil 50 (Beijing Lab Anim Tech Develp Co., Ltd., Beijing, China).
Posterior segments of the ileal samples (3 to 5 cm) were collected
and stored at �80 �C after snap-freezing in liquid nitrogen until
further analysis of barrier function-related indexes. The contents of
the ileum were collected in sterile tubes and stored at �80 �C for
microbial composition and metabolomics analyses. The excised
ileal tissues were rinsed with phosphate-buffered saline (PBS) at
4 �C, cut into 0.50 cm � 0.50 cm small pieces, and fixed with 2.50%
glutaraldehyde for microvilli morphology analysis. The body
weight and feed intake were recorded to calculate average daily
gain (ADG), average daily feed intake (ADFI), and feed conversion
ratio (FCR).

2.4. Determination of ileal development and injury-related indexes

Ileal development and injury-related indexes, including trans-
forming growth factor-beta (TGF-b), epidermal growth factor (EGF),
epidermal growth factor receptor (EGFR), D-lactate, diamine oxi-
dase (DAO), and 8-hydroxyl-deoxyguanosine (8-OHdG), were
analyzed by the colorimetric method with commercially available
enzyme-linked immunosorbent assay (ELISA) kits (Shanghai Kex-
ing Trading Co., Ltd., Shanghai, China) according to the protocols
provided by the manufacturer. The total protein content of the ileal
tissues was determined using the BCA protein assay kit (Beyotime,
Shanghai, China), and the final concentration of indexes in the ileal
tissues was normalized to unit protein per sample.

2.5. Analysis of ileal barrier function-related gene expression

The total RNA was extracted from ileal tissues using the Trizol
reagent (Accurate Biology, Hunan, China). The extracted RNA con-
centration was measured by NanoDrop 2000 (Thermo Fisher Sci-
entific, Waltham, MA, USA). The primers used in this study are
presented in Supplementary Table S1. Real-time PCR analysis was
performed on the LightCycler 480 II Real-Time PCR System (Roche,
Basel, Switzerland) with SYBR Green Premix Pro Taq HS qPCR Kit
(Accurate Biology). Target gene expression was normalized in
comparison with the b-actin, and the 2�DDCt method was used to
calculate the relative gene expression level (Rao et al., 2013).

2.6. Observation of ileal microvilli morphology

The fixed ileal segments were washed with 0.01 M PBS solution.
The tissue specimens were dehydrated step by step with ethanol
and graded alcohol, removed with a gradient of tert-butanol, and
then freeze-dried. Subsequently, tissue specimens were attached to
an aluminum stub platedwith silver colloid, and a thin layer of gold
was plated on the specimens by sputtering to make it a conductor.
Finally, tissue specimens were observed using a field emission
scanning electron microscope (SU8010, Hitachi, Tokyo, Japan) (Xu
et al., 2015).

2.7. Analysis of ileal microbial composition by 16S rRNA
pyrosequencing

Ileal content samples stored at �80 �C were thawed at 4 �C
overnight for microbial composition analysis by the Shanghai Per-
sonal Biotechnology Co., Ltd., Shanghai, China. The analysis process
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from DNA extraction to on-board sequencing mainly included the
following steps. Firstly, ileal DNA was extracted for quality in-
spection and recovery according to the manufacturer's instructions
(TransGen Biotech, Beijing, China). Secondly, the sequences of
bacterial genes from the V3�V4 regionwere amplified by PCR with
primers 338 F (50-ACTCCTACGGGAGGCAGCA-30) and 806R (50-
GGACTACHVGGGTWTCTAAT-30). Finally, PCR amplification prod-
ucts were added to fluorescent reagents and quantified using a
microplate reader. Sequencing libraries were prepared using the
TruSeq Nano DNA LT Library Prep Kit (Illumina, San Diego, CA, USA).
The gene library with a concentration of >2 nm was sequenced by
the MiSeq sequencer (Illumina).

The offline sequences were divided into library and sample ac-
cording to the index and barcode information, and the barcode
sequences were removed. Sequence denoising or operational
taxonomic unit (OTU) clustering was performed using the QIIME2
DADA2 analysis process. The specific composition of each sample
(group) at different taxonomic levels was displayed to understand
the overall structure. The alpha diversity (including Chao, Shannon,
Simpson, Faith_pd, Observed_species, and Pielou_e index) of each
sample was assessed according to the distribution of OTU levels in
different samples. At taxonomic composition, numerous unsuper-
vised and supervised classifications combined with corresponding
statistical testing methods were used to determine further differ-
ences in species abundance composition among different samples
(groups) and to find marker species.

2.8. Analysis of ileal metabolite profiles by metabolomics

Untargetedmetabolomics analysis was performed using a liquid
chromatography-mass spectrometry (LC-MS) entrusted to Suzhou
PANOMIX Biomedical Tech Co. Ltd., Suzhou, China. Briefly,
approximately 200 mg of ileal contents were mixed with pre-
cooled 80% methanol, stood at �20 �C for 20 min, and centri-
fuged at 4 �C and 10,000 � g for 10 min. All samples were prepared
for quality control and testing under the same treatment and
centrifugation conditions. The detection was performed in an Agi-
lent 6545 Q-TOF LC/MS system, and the raw data were converted to
XML format (v3.0.8789). The R-package XCMS (R-v3.1.3) was used
for peak identification, filtering, and alignment. After quality con-
trol, the human metabolome database (HMDB, http://www.hmdb.
ca), Metlin (http://www.hmdb.ca), mzcloud (https://www.
mzcloud.org), and the metabolome databases were used to anno-
tate metabolites of LC-MS data. The metabolite database con-
structed by BioNovoGene was used to verify LC-MS data to avoid
missing important metabolites (BioNovoGene Co., Ltd., Suzhou,
China). Principal component analysis (PCA) and orthogonal partial
least squares discriminant analysis (OPLS-DA) were performed by
Soft Independent Modeling of Class Analogy (SIMCA) software
(V16.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden). Dif-
ferential metabolites between groups were identified using the
statistically significant VIP � 1 and P < 0.05 values. In addition,
pathway enrichment analysis was performed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG, http://www.genome.
jp/kegg/) and MetaboAnalyst 5.0 databases (https://www.
metaboanalyst.ca/faces/home.xhtml).

2.9. Statistical analysis

All data were expressed as means with standard error of the
mean (SEM). The individual piglets were considered the experi-
mental unit. Statistical analysis was performed by a two-way
ANOVA for pig breed and day of age using the SPSS 22.0 software
package (SPSS Inc., Chicago, IL, USA). Differences between the
means of the experimental groups were analyzed using the
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one-way ANOVA and Tukey's multiple comparison test. Probability
values < 0.05 were considered to indicate statistical significance,
and P-values between 0.05 and 0.10 were considered a trend.

3. Results

3.1. Changes in growth performance, ileal morphology, and barrier
function in different breeds of piglets during suckling and weaning
periods

The developmental characteristics of the intestinal morphology
and growth performance in different breeds of piglets are pre-
sented in Table 2 and Fig. 1. TB and XB piglets had lower (P < 0.05)
ADG at 1 to 10 d old than DR piglets, whereas XB piglets had lower
(P < 0.01) ADG at 10 to 21 d old than TB and DR piglets. In addition,
TB piglets had lower ADFI at 21 to 24 d old than XB and DR piglets,
and DR piglets had higher ADFI than TB and XB piglets (P < 0.01;
Table 2). The scanning electron microscope analysis showed that
the ileal villi became shorter at 24 d old than at 21 d old, and the
atrophy of the ileum microvilli was slower in TB and XB piglets
compared with DR piglets (Fig. 1A). Compared with DR piglets, the
ileal microvilli of DR piglets were remarkably damaged at 24 d old,
with more broken villus tops and disordered and shed microvilli.
However, TB and XB piglets had no obvious changes in villi disorder
compared with DR piglets (Supplementary Fig. S1).

Regardless of breed, TB piglets had lower (P < 0.01) ileal D-
lactate content at 1 and 10 d old than at 21 d old. XB piglets had
higher (P < 0.01) ileal D-lactate content at 10 d old than at 1 and
21 d old, and had the lowest D-lactate content at 1 d old. DR piglets
had lower (P < 0.05) ileal D-lactate content at 1 d old than at 10 and
21 d old. Moreover, XB piglets had higher (P < 0.01) ileal DAO
content at 10 d old than at other three age stages, while they had
the highest (P < 0.01) DAO content at 21 and 24 d old than at 1 d old
(Fig. 1B). The occludin expression level in the ileum of XB piglets
was lower (P < 0.05) at 1 d old than at 10 and 24 d old (Fig. 1C). The
mucin 1 expression level in the ileum of DR piglets was higher
(P < 0.01) at 10 d old than at other three age stages, while mucin 13
expression level in the ileum of TB piglets was lower (P < 0.01) at 1
and 10 d old than at 21 and 24 d old (Fig. 1D). The TGF-b content in
the ileum of TB piglets was lower (P < 0.01) at 1 d old than at other
three age stages, while EGFR content was higher (P< 0.01) at 21 and
24 d old than at 1 and 10 d old. Moreover, TGF-b content in the
ileum of XB piglets was lower (P < 0.01) at 1 d old than at other
three age stages and had the highest (P < 0.01) content at 10 d old,
while they had higher (P < 0.05) EGF content at 24 d old than at 10
and 21 d old and higher (P < 0.01) EGFR content at 21 and 24 d old
than at 1 d old. The EGFR content in the ileum of DR piglets was
higher (P < 0.01) at 21 d old than at other three age stages (Fig. 1E).

Regardless of age, weaning resulted in higher (P < 0.05) D-
lactate content in the ileum of three breeds of piglets. TB and XB
Table 2
Growth performance of different breeds of piglets.

Item TB XB DR SEM P-values

Average daily gain, g/d
1 to 10 d old 129.00B 136.00B 225.00A 25.815 0.024
10 to 21 d old 219.00A 74.00B 195.00A 31.101 0.006
21 to 24 d old �230.00 �69.00 �87.00 74.594 0.266
Average daily feed intake, g/d
21 to 24 d old 57.78C 76.67B 117.96A 5.885 <0.001
Feed conversion ratio
21 to 24 d old �0.25 �1.11 �1.35 0.740 0.534

DR ¼ Duroc piglet; TB ¼ Taoyuan black piglet; XB ¼ Xiangcun black piglet.
Data are presented as means and their SEM (n ¼ 10).
A, B, C Within a row, different superscript uppercase letters indicate significant dif-
ferences between piglet breeds (P < 0.05).
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piglets had lower (P < 0.01) D-lactate content in the ileum at 1, 21,
and 24 d old, as well as DAO content at 1 d old than DR piglets. TB
piglets had lower D-lactate content and higher 8-OHdG content in
the ileum at 10 d old compared with DR piglets (P < 0.05). More-
over, TB piglets had higher (P < 0.01) D-lactate content in the ileum
at 21 d old than XB piglets (Fig. 1B). Ileal tight junction-related gene
expression levels had no differences between different breeds of
piglets (P > 0.05; Fig. 1C).

Compared with DR piglets, TB and XB piglets had higher
(P < 0.05) ileal mucin 1 expression level at 21 d old, and TB piglets
had higher (P < 0.05) mucin 2 and mucin 13 expression levels at 21
and 24 d old, and they had lower (P < 0.05) ileal EGF content and
EGFR content at 21 d old (Fig. 1D and E). Compared with DR piglets,
TB piglets had higher (P < 0.05) ileal mucin 2 expression level at
21 d old and lower (P < 0.05) ileal EGFR content at 10 and 24 d old
(Fig. 1D and E). Moreover, TB piglets had lower (P < 0.05) ileal TGF-b
content at 10 d old than XB and DR piglets.

3.2. Changes in ileal microbial diversity in different breeds of piglets
during suckling and weaning periods

The changes in ileal microbial diversity in different breeds of
piglets are presented in Fig. 2 and Supplementary Fig. S2. The
principal coordinate analysis results revealed that there were clear
separations between TB, XB, and DR piglets (Supplementary
Fig. S2). TB piglets had higher (P < 0.05) Chao, Shannon, Faith_pd,
Observed_species, and Pielou_e indexes at 24 d old than at other
three age stages, whereas DR piglets had higher (P < 0.05) Chao,
Faith_pd, and Observed_species indexes at 24 d old than at other
three age stages (Fig. 2).

XB and DR piglets had higher (P < 0.05) Chao, Shannon, Simp-
son, Faith_pd, Observed_species, and Pielou_e indexes at 21 d old
than TB piglets (Fig. 2).

3.3. Changes in ileal microbiota composition in different breeds of
piglets during suckling and weaning periods

Changes in ileal microbial composition in different breeds of
piglets are presented in Fig. 3 (phylum level) and Fig. 4 (genus
level). At the phylum level, Firmicutes (56.58% to 99.28%), Actino-
bacteria (0.10% to 18.13%), and Proteobacteria (0.16% to 35.08%)
were the most dominant phyla in the ileum of the three breeds of
piglets, accounting for more than 95% of the total abundance
(Fig. 3A). TB piglets had a lower relative abundance of Firmicutes,
while had a higher relative abundance of Actinobacteria in the
ileum at 1 and 24 d old than at 10 and 21 d old, as well as Pro-
teobacteria at 1 d old and Bacteroidetes at 24 d old than at other
three age stages (P < 0.01). XB piglets had a lower relative abun-
dance of Firmicutes and a higher relative abundance of Proteo-
bacteria at 1 d old than at other three age stages (P < 0.01), whereas
they had a higher relative abundance of Actinobacteria at 1 and
24 d old than at 10 and 21 d old (P < 0.01). DR piglets had a higher
(P < 0.05) relative abundance of Bacteroidetes at 24 d old than at
other three age stages (Fig. 3B�E).

At the genus level, Lactobacillus (4.20% to 98.78%), Escher-
ichiaeShigella (0.05% to 32.51%), Streptococcus (0.36% to 60.48%),
and Veillonella (0.07% to 0.62%) were the most dominant genera in
the ileum of the three breeds of piglets (Fig. 4A). TB piglets had
higher (P < 0.01) relative abundances of Streptococcus and Mur-
ibaculaceae at 24 d old than at other three age stages, as well as
EscherichiaeShigella at 1 d old and Bacteroides at 24 d old than at
other three age stages and Lactobacillus at 10 and 21 d old than at 1
and 24 d old. XB piglets had higher relative abundances of Escher-
ichiaeShigella (P < 0.01) at 1 d old and Streptococcus (P < 0.01) and
Rothia (P < 0.05) at 24 d old than at other three age stages, as well as



Fig. 1. Changes in ileal morphology, permeability, and barrier function of different breeds of piglets during suckling and weaning periods. (A) Ileal morphology (400�magnification;
scale bar ¼ 500 mm), (B) ileal permeability indexes, (C) ileal barrier function-related genes, (D) ileal mucin related genes, and (E) ileal development-related indexes. Data are
presented as means with their SEM (n ¼ 10). Bars without a common uppercase letter indicate significant differences between different age stages of the same breed of piglets, and
bars without a common lowercase letter indicate significant differences between different breeds of piglets at the same age (P < 0.05). DR ¼ Duroc piglet; TB ¼ Taoyuan black piglet;
XB ¼ Xiangcun black piglet.
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Fig. 2. Changes in ileal microbial diversity of different breeds of piglets during suckling and weaning periods. (A) Chao index, (B) Shannon index, (C) Simpson index, (D) Faith_pd
index, (E) Observed_species index, and (F) Pielou_e index. Data are presented as means with their SEM (n ¼ 10). Bars without a common uppercase letter indicate significant
differences between different age stages of the same breed of piglets, and bars without a common lowercase letter indicate significant differences between different breeds of
piglets at the same age (P < 0.05). DR ¼ Duroc piglet; TB ¼ Taoyuan black piglet; XB ¼ Xiangcun black piglet.
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Lactobacillus (P < 0.01) at 10 and 21 d old than at 1 and 24 d old. DR
piglets had higher relative abundances of EscherichiaeShigella
(P < 0.05) at 1 d old and Streptococcus (P < 0.01) at 24 d old than at
other three age stages, as well as Veillonella (P < 0.01) at 10 d old
than at 1 and 24 d old (Fig. 4B�J).

At the phylum level, TB piglets had higher (P < 0.05) relative
abundance of Actinobacteria at 24 d old than XB and DR piglets, and
the relative abundance of Firmicutes in TB piglets displayed an
increasing trend (P ¼ 0.09) at 10 d old. In addition, XB piglets had
higher (P < 0.01) relative abundance of Proteobacteria at 1 d old
than TB and DR piglets, whereas TB and XB piglets had lower
(P < 0.05) relative abundance of Proteobacteria at 10 d old than DR
piglets (Fig. 3B�E). At the genus level, TB piglets had higher
(P< 0.01) relative abundance of Lactobacillus at 10 and 21 d old than
DR piglets, and they had higher (P < 0.01) relative abundance of
Rothia at 1 d old than XB and DR piglets. XB piglets had higher
(P < 0.01) relative abundance of EscherichiaeShigella at 1 d old than
TB and DR piglets. Moreover, TB and XB piglets had lower (P < 0.01)
relative abundance of Lactobacillus at 1 and 24 d old, as well as
EscherichiaeShigella (P < 0.05) at 21 and 24 d old but higher
(P < 0.01) relative abundance of Streptococcus at 1 and 24 d old,
when compared with DR piglets (Fig. 4B�J).

3.4. Changes in ileal microbial biomarkers in different breeds of
piglets during suckling and weaning periods

The LEfSe analysis among the three pig breeds is presented in
Fig. 5 and Supplementary Fig. S3. At 1 d old, the top five bacterial
biomarkers (LDA > 3.0, P < 0.05) in the ileum of TB piglets were
Firmicutes, Lachnospiraceae_UGG_008, Peptococus, Corynebacter-
iales, and Corynebacteriales, and those of XB piglets were Clos-
tridiaceae_1, Clostridium_sensu_stricto_1, Clostridia, Clostridiales,
and Actinobacteria, and those of DR piglets were Proteobacteria,
Gammaproteria, Enterobacteriaceae, Enterobacteriales, and
Escherichia-Shigella (Fig. 5A and Supplementary Fig. S3A). At 10 d
old, Veillonellaceae, Selenomonadales, Negativicutes, Veillonella,
and Proteobacteria in TB piglets, Lactobacillus, Lactobacillaceae,
Lactobacillales, Firmicutes, and Pasteurellales in XB piglets, and
Fusobacteria, Fusobacteriia, Fusobacteriales, Bacillales, and
Clostridium_sensu_stricto_3 in DR piglets were the top five bacterial
biomarkers (LDA > 3.0, P < 0.05; Fig. 5B and Supplementary
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Fig. S3B) in the ileum. At 21 d old, Clostridiales, Peptos-
treptococcaceae, Selenomonadales, Negativicutes, and Veillanella-
ceae in TB piglets; Lactobacillaceae, Lactobacillus, Lactobacillales,
Bacilli, and Firmicutes in XB piglets; and Actinobacteria, Actino-
mycetaceae, Actinomycetales, Peptostreptococcus, and Erysipelo-
trichales in DR piglets were the top five bacterial biomarkers (LDA >
3.0, P < 0.05; Fig. 5C and Supplementary Fig. S3C) in the ileum.
Moreover, Lactobacillaceae, Lactobacillus, Staphylococcaceae,
Staphylococcus, and Enterobacteriaceae in TB piglets, Actino-
mycetales, Actinomycetaceae, and Actinomyces in XB piglets, and
Streptococcus and Streptococcaceae in DR piglets were the most
dominant bacterial biomarkers at 24 d old (LDA > 3.0, P < 0.05;
Fig. 5D and Supplementary Fig. S3D) in the ileum.

3.5. Function prediction of ileal microbiota in different breeds of
piglets during suckling and weaning periods

The potential functions of the ileal microbiotawere predicted by
the PICRUSt2 software package, which is presented in Fig. 6. At 1 d
old, the relative abundances of genes involved in guanosine ribo-
nucleotides de novo biosynthesis (P < 0.05), superpathway of
guanosine nucleotides de novo biosynthesis I (P < 0.01), super-
pathway of guanosine nucleotides de novo biosynthesis II
(P < 0.01), and adenine and adenosine salvage III (P < 0.05) were
enriched, while the sucrose degradation III (P < 0.05) was reduced
in TB piglets compared with XB and DR piglets.

At 10 d old, the relative abundances of genes involved in phos-
phatidylglycerol biosynthesis I (P < 0.05), phosphatidylglycerol
biosynthesis II (P < 0.05), and sucrose degradation III (P < 0.01)
were enriched, but the pentose phosphate pathway was reduced
(P < 0.01) in TB and XB piglets compared with DR piglets. In
addition, TB piglets had reduced (P < 0.01) relative abundances of
genes involved in superpathway of guanosine nucleotides de novo
biosynthesis I and superpathway of guanosine nucleotides de novo
biosynthesis II compared with XB and DR piglets.

At 21 d old, the relative abundance of the gene involved in su-
crose degradation III was enriched (P < 0.05), whereas the pentose
phosphate pathway was reduced (P < 0.01) in TB piglets compared
with XB and DR piglets. Moreover, the relative abundance of the
gene involved in adenine and adenosine salvage III was reduced
(P < 0.05) in TB piglets compared with XB piglets.



Fig. 3. Changes in ileal microbial composition of different breeds of piglets during suckling and weaning periods at the phylum level. (A) Abundances of top ten phyla, and the
relative abundances of (B) Firmicutes, (C) Actinobacteria, (D) Proteobacteria, and (E) Bacteroidetes. Data are presented as means with their SEM (n ¼ 10). Bars without a common
uppercase letter indicate significant differences between different age stages of the same breed of piglets, and bars without a common lowercase letter indicate significant dif-
ferences between different breeds of piglets at the same age (P < 0.05). DR ¼ Duroc piglet; TB ¼ Taoyuan black piglet; XB ¼ Xiangcun black piglet.
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At 24 d old, genes involved in the superpathway of pyrimidine
nucleobases salvage (P < 0.05), superpathway of phospholipid
biosynthesis I (P < 0.05), phosphatidylglycerol biosynthesis I
(P < 0.05), phosphatidylglycerol biosynthesis II (P < 0.05), adeno-
sine ribonucleotides de novo biosynthesis (P < 0.01), superpathway
of adenosine nucleotides de novo biosynthesis I (P < 0.01), and
superpathway of adenosine nucleotides de novo biosynthesis II
(P < 0.01) were reduced, while superpathway of guanosine
nucleotides de novo biosynthesis I and adenine and adenosine
salvage III (P < 0.05) were enriched in TB and XB piglets compared
with DR piglets.

3.6. Changes in ileal metabolite profiles in different breeds of piglets
during suckling and weaning periods

The PCA results showed that there were no significant separa-
tions (Supplementary Fig. S4), but the OPLS-DA score plots showed
435
significant separations between TB, XB, and DR piglets at different
age stages (Fig. 7). Six types of differential metabolites, including
amino acids (35.19%), lipids (20.37%), carbohydrates (7.41%), co-
factors and vitamins (14.81%), xenobiotics (7.41%), and nucleotides
(14.81%) were detected in the ileum of all pig breeds
(Supplementary Fig. S5). Further metabolomics results of different
breeds of piglets are shown in Fig. 8. At 1 d old, XB piglets had
higher (P < 0.01) calcitriol, 4,4-dimethyl-5a-cholesta-8,24-dien-3-
b-ol, dehydroepiandrosterone, 7-dehydrodesmosterol, 17alpha,21-
dihydroxypregnenolone, 2-ketobutyric acid, 20a,22b-dihydrox-
ycholesterol, acetylphosphate, glucosamine, and D-lyxose levels
while having a lower (P < 0.05) alpha-dimorphecolic acid level,
when compared with TB and DR piglets. TB piglets had higher
glycerophosphocholine and arachidonic acid levels but a lower
glycochenodeoxycholic acid level compared with XB and DR piglets
(P < 0.01), while having the lowest level of glycochenodeoxycholic
acid in XB piglets (Fig. 8A).



Fig. 4. Changes in ileal microbial composition of different breeds of piglets during suckling and weaning periods at the genus level. (A) Relative abundances of top twenty genera,
and the relative abundances of (B) Lactobacillus, (C) EscherichiaeShigella, (D) Streptococcus, (E) Fusobacterium, (F) Bacteroides, (G) Muribaculaceae, (H) Veillonella, (I) Rothia, and (J)
Romboutsia. Data are presented as means with their SEM (n ¼ 10). Bars without a common uppercase letter indicate significant differences between different age stages of the same
breed of piglets, and bars without a common lowercase letter indicate significant differences between different breeds of piglets at the same age (P < 0.05). DR ¼ Duroc piglet;
TB ¼ Taoyuan black piglet; XB ¼ Xiangcun black piglet.
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At 10 d old, XB piglets had higher (P < 0.01) calcitriol, 7-
dehydrodesmosterol, 25-hydroxycholesterol, dehydroepiandros-
terone, oleic acid, 4,4-dimethyl-5a-cholesta-8,24-dien-3-b-ol,
sphingosine, sphinganine,12-keto-leukotriene b4, methyl jasmo-
nate, chitobiose, sucrose, and D-mannonate levels compared with
TB and DR piglets, and those metabolites were lowest in DR piglets.
TB piglets had a lower (P < 0.01) galactitol level compared with XB
piglets, while they had a higher (P < 0.01) alpha-dimorphecolic acid
level compared with XB and DR piglets (Fig. 8B).

At 21 d old, TB piglets had higher (P < 0.05) 21-
hydroxypregnenolone, D-mannose, and palmitoleic acid levels
but lower (P < 0.01) levels of taurocholic acid, 14,15-DiHETrE,
20a,22b-dihydroxycholesterol, dodecanoic acid, dehydroepian-
drosterone, pregnenolone, methyl jasmonate, 4,4-dimethyl-5a-
cholesta-8,24-dien-3-b-ol, 20alpha-hydroxycholesterol, 2-
ketobutyric acid, and sucrose, when compared with XB and DR
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piglets. TB piglets had lower (P < 0.05) levels of choline,17alpha,21-
dihydroxypregnenolone, succinic acid, maleic acid, acetylphos-
phate, and sorbitol compared with XB and DR piglets, and those
metabolites were the highest (P < 0.05) in DR piglets (Fig. 8C).

At 24 d old, TB piglets had higher levels of stearic acid, deoxy-
cholic acid, palmitic acid, 7-dehydrodesmosterol, estrone glucuro-
nide, 12-keto-leukotriene b4, and mannitol but had a lower D-
mannose level compared with XB and DR piglets (P < 0.05). XB
piglets had higher levels of 13-L-hydroperoxylinoleic acid, maleic
acid, sucrose, and sorbitol while had a lower level of glucosamine
comparedwith TB and DR piglets (P < 0.01). XB piglets had a higher
level of glycerophosphocholine but a lower level of oxoglutaric acid
compared with DR piglets (P < 0.01). In addition, TB piglets had
higher levels of sphinganine and succinic acid, and TB and XB
piglets had a higher level of chenodeoxycholic acid compared with
DR piglets (P < 0.01; Fig. 8D).



Fig. 5. Linear discriminant analysis combined effect size measurements (LEfSe) analysis of ileal microbiota of different breeds of piglets during suckling and weaning periods. (A�D)
1, 10, 21, and 24 d old. DR ¼ Duroc piglet; TB ¼ Taoyuan black piglet; XB ¼ Xiangcun black piglet.

Fig. 6. Abundances of KEGG pathways in the functional prediction of ileal microbiota of different breeds of piglets during suckling and weaning periods. A, B Boxes without a
common letter indicate significant differences between piglet breeds at the same age (P < 0.05). DR ¼ Duroc piglet; TB ¼ Taoyuan black piglet; XB ¼ Xiangcun black piglet.
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Moreover, KEGG enrichment analysis of differential metabolites
showed that the differential pathways of metabolites among
different pig breeds were mainly enriched in protein digestion and
absorption, GABAergic synapse, and amino acid metabolism and
synthesis (Supplementary Fig. S6).

3.7. Correlation among differential ileal microbiota, metabolites,
and barrier function indexes

Pearson's correlations among intestinal microbiota and differ-
ential metabolites, intestinal permeability, and barrier function are
shown in Fig. 9. Firmicutes was negatively correlated with 2-
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ketobutyric acid (P < 0.01), dehydroepiandrosterone (P < 0.01), 4-
pyridoxic acid (P < 0.01), 7-dehydrodesmosterol (P < 0.05), and
creatinine (P < 0.05) levels, while it was positively (P < 0.05)
correlated with quinolinic acid level. Lactobacillus was negatively
correlated with 2-ketobutyric acid (P < 0.01), dehydroepiandros-
terone (P < 0.01), 7-dehydrodesmosterol (P < 0.01), 4-pyridoxic
acid (P < 0.01), creatinine (P < 0.01), and 4,4-dimethyl-5a-cho-
lesta-8,24-dien-3-b-ol (P < 0.05) levels. EscherichiaeShigella and
Proteobacteria were positively (P < 0.01) correlated with 2-
ketobutyric acid and dehydroepiandrosterone levels, while those
were negatively (P < 0.01) correlated with quinolinic acid level.
Proteobacteria was positively (P < 0.05) correlated with creatinine



Fig. 7. The orthogonal partial least squares-discriminant analysis (OPLS-DA) score plots of ileal microbiota in different breeds of piglets during suckling and weaning periods
(n ¼ 10). (A�D) Piglets at 1, 10, 21, and 24 d old in the negative ion mode; (E�H) piglets at 1, 10, 21, and 24 d old in the positive ion mode. DR ¼ Duroc piglet; TB ¼ Taoyuan black
piglet; XB ¼ Xiangcun black piglet.

Fig. 8. Differential metabolites in the ileal contents of different breeds of piglets during suckling and weaning periods. (A�D) Piglets at 1, 10, 21, and 24 d old, respectively. Bars
without a common uppercase letter indicate significant differences between piglet breeds at the same age (P < 0.05). DR ¼ Duroc piglet; TB ¼ Taoyuan black piglet; XB ¼ Xiangcun
black piglet.
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level. Streptococcus, Actinobacteria, and Rothia were positively
(P < 0.05) correlated with 2-ketobutyric acid, dehydroepiandros-
terone, creatinine, 7-dehydrodesmosterol, and 4-pyridoxic acid
levels. Streptococcus was positively (P < 0.05) correlated with cal-
citriol level (Fig. 9A).

The correlations between differential ileal metabolites and in-
testinal permeability are shown in Fig. 9B. DAO content was posi-
tively (P < 0.05) correlated with quinolinic acid and calcitriol levels.
TGF-b content was positively correlated with calcitriol (P < 0.01), L-
isoleucine (P < 0.01), creatinine (P < 0.05), and 4,4-dimethyl-5a-
cholesta-8,24-dien-3-b-ol (P < 0.05) levels. D-lactate content was
positively (P < 0.05) correlated with calcitriol, L-isoleucine, 4-
pyridoxic acid, and 4,4-dimethyl-5a-cholesta-8,24-dien-3-b-ol
levels. Moreover, EGFR content was positively correlated with cal-
citriol (P < 0.01), L-isoleucine (P < 0.01), creatinine (P < 0.01), 4-
pyridoxic acid (P < 0.05), and 4,4-dimethyl-5a-cholesta-8,24-
dien-3-b-ol (P < 0.05) levels.
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The correlations between differential ileal metabolites and
barrier-related genes are shown in Fig. 9C. Mucin 13 expressionwas
positively correlated with calcitriol (P < 0.01), 4,4-dimethyl-5a-
cholesta-8,24-dien-3-b-ol (P < 0.01), 2-ketobutyric acid (P < 0.01),
dehydroepiandrosterone (P < 0.05), 7-dehydrodesmosterol
(P < 0.01), and 4-pyridoxic acid (P < 0.01) levels. ZO-1 expression
was positively (P < 0.05) correlated with 4,4-dimethyl-5a-cholesta-
8,24-dien-3-b-ol level, while occludin was negatively (P < 0.05)
correlated with 2-ketobutyric acid level, as well as mucin 1 with
creatinine and 4-pyridoxic acid levels.

The correlations between ileal microbiota and permeability in-
dexes are shown in Fig. 9D. Ileal DAO content was positively
correlated with Firmicutes (P < 0.01) and Lactobacillus (P < 0.05),
while it was negatively correlated with EscherichiaeShigella
(P < 0.05), Proteobacteria (P < 0.01), Actinobacteria (P < 0.05), and
Rothia (P < 0.05). D-lactate content was negatively (P < 0.05)
correlated with Actinobacteria. TGF-b content was positively



Fig. 9. Correlation analysis among ileal microbiota, differential metabolites, permeability, and barrier function of piglets. (A) Microbiota and metabolites, (B) metabolites and
permeability indexes, (C) metabolites and barrier function-related indexes, (D) microbiota and permeability indexes, and (E) microbiota and barrier function-related indexes. 8-
OHdG ¼ 8-hydroxyl-deoxyguanosine; DAO ¼ diamine oxidase; EGF ¼ epidermal growth factor; TGF-b ¼ transforming growth factor-beta; EGFR ¼ epidermal growth factor re-
ceptor; ZO-1 ¼ zonula occludens-1. *P < 0.05, **P < 0.01, ***P < 0.001.
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correlated with Firmicutes, while it was negatively correlated with
Proteobacteria (P < 0.05). 8-OHdG content was positively (P < 0.05)
correlated with Proteobacteria, as well as EGF content with
Streptococcus.

The correlations between ileal microbiota and barrier-related
genes are shown in Fig. 9E. The occludin expression was posi-
tively (P < 0.05) correlated with Firmicutes and Lactobacillus but
negatively correlated with Rothia (P < 0.05), Actinobacteria
(P < 0.01), EscherichiaeShigella (P < 0.01), Streptococcus (P < 0.01),
and Proteobacteria (P < 0.01).

4. Discussion

Piglets are prone to immune stress and intestinal injury after
weaning due to reduced immune capacity, digestive tract under-
development, environmental change, and weakened intestinal
barrier function, leading to diarrhea and affecting the growth of
piglets (Campbell et al., 2013; Chen et al., 2017). Our previous
findings revealed that there were discrepancies in the development
of immune function among different breeds of pigs and the im-
mune regulation capacity of TB and XB piglets against weaning
stress was better than that of DR piglets (Ding et al., 2022). How-
ever, studies on the intestinal barrier function of TB and XB pigs
need to be further explored. Intestinal microbiota plays an impor-
tant role in improving intestinal barrier function during the suck-
ling stage, as well as the defense function during the post-weaning
stage of piglets (Li et al., 2021). Therefore, the present study
explored the influences of intestinal microbiota on the intestinal
barrier function of TB, XB, and DR piglets. The results demonstrated
that the intestinal mechanical barrier of TB and XB piglets was
stronger than that of DR piglets. The intestinal microbiota compo-
sition of the three breeds of piglets was different, which may affect
the synthesis of steroids and bile acids, leading to the differences in
intestinal barrier function of the three pig breeds.

China has abundant resources of indigenous pig breeds. They
have higher reproduction rates, and better meat quality and they
adapt to extensive feeding and management (Jiang et al., 2011).
However, due to the slow growth and low lean meat rates, the
breeding of indigenous pigs in large-scale commercial farms is
limited (Cesar et al., 2010). The present study showed that the ADG
of DR piglets was higher than that of TB and XB piglets from 1 to
10 d old, but there was no significant difference in the ADG among
the three pig breeds from 21 to 24 d old. Moreover, TB and XB
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piglets had lower ADFI than DR piglets. Our previous study showed
that TB and XB piglets have lower growth rates than DR piglets,
whichmay be related to the lower lipid metabolic capacity and ileal
digestive enzyme activity of Chinese indigenous piglets (Cheng
et al., 2023); however, the specific mechanisms still need to be
further elucidated.

The intestinalmorphological integrity favors the proliferation and
specialization of IEC. Specialized IEC forms the barrier surface that
separates the host from the environment (Peterson and Artis, 2014).
Therefore, IEC maintains the optimal intestinal morphology and in-
fluences the development of intestinal barrier function (Peterson and
Artis, 2014). Weaning stress leads to impaired intestinal morphology
and atrophy of the intestinal villi and then reduces the surface area
and nutrient absorption (Zong et al., 2018). In the present study,
weaning led to severe shedding of the small intestinal microvilli,
which were sparsely and irregularly arranged, but the villi of TB and
XB piglets were better than those of DR piglets. The feed source of
piglets before weaning is easily digestible liquid milk, and after
weaning it is transformed into a solid feed that is not easily digestible.
When solid feed enters the gastrointestinal tract of piglets, it will
cause certain damage to the intestinal villi, resulting in shorter in-
testinalvilli lengthandweakened intestinaldigestion function,which
seriously affects the digestion and absorption of feed, leading to the
occurrence of post-weaning diarrhea (Gresse et al., 2017; Montagne
et al., 2007). A previous study reported that the most significant
changes in the villus of Polish Landrace � Pietland (PP) and
Duroc � Hampshire � Wild Boar (DHW) crossbred piglets were the
villus morphology and size. Moreover, DHW piglets had a deeper
transversal furrow compared with the PP piglets, suggesting that
DHWpiglets had a greater potential for villus growth (Skrzypek et al.,
2005, 2007). Combined with the present study findings, the villi
development status of TB and XB piglets was better than that of DR
piglets, and XB piglets presented heterosis, which might be because
XB piglets had a stronger ability of IEC proliferation.

Intestinal permeability leads to a large outflow of DAO secreted
by IEC, while D-lactic acid produced by intestinal microbiota enters
the blood circulation through the epithelial barrier and leads to
intestinal inflammation (Xiao et al., 2013). In the present study, the
plasma D-lactate level of TB and XB piglets was lower after weaning
than that of DR piglets, suggesting that the intestinal permeability
of TB and XB piglets was lower than DR piglets after weaning. Early
weaning resulted in intestinal morphological damage and
increased plasma D-lactic acid and DAO contents in Wuzhishan
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mini-piglets (Xun et al., 2018). Moreover, Bama mini-pigs showed
higher intestinal permeability than Landrace pigs during the
nursery and growing periods, but there was no difference in the
finishing stage (Jiang et al., 2016).

Mucin is the main component of the intestinal epithelium and
serves as the first line of defense against invasion by pathogenic
microorganisms (Martens et al., 2018). TB and XB piglets had higher
mucin 2 and mucin 13 expression levels in the ileum compared
with DR piglets after weaning in this study, suggesting that TB and
XB piglets have stronger intestinal barriers to resist the damage of
weaning stress on intestinal barrier function. Intestinal epithelial
cells regulate microbiota to maintain intestinal homeostasis and
control inflammation. A previous study reported that weaned
piglets have abnormal mucin O-glycosylation profiles in the intes-
tine, dysregulation of intestinal microbiota, and impaired intestinal
mucosal barrier function, resulting in impaired intestinal homeo-
stasis (Xia et al., 2022). Additionally, our previous study also
demonstrated that TB and XB piglets have a higher ileal IL-6 level
than DR piglets after weaning (Ding et al., 2022). Therefore, the
disruption of intestinal barrier function ultimately leads to intes-
tinal inflammation, and the integrity of intestinal barrier function is
crucial for maintaining intestinal health.

Microbial diversity enhances the resilience of intestinal micro-
ecology; that is, when intestinal microecology is disturbed, a spe-
cies with relatively similar functions is allowed to fill the disturbed
niche, which plays a vital role in animal health (Ding et al., 2019;
Kim and Isaacson, 2015). A sustainable increase in intestinal mi-
crobial diversity of piglets begins with their exposure to the
microbiota of the corresponding sows and their surroundings
(Slifierz et al., 2015). After weaning, the intestinal microbial di-
versity and composition of piglets continue to change due to the
diet shift, especially to solid feeds containing complex carbohy-
drates (Bian et al., 2016). The present study found that themicrobial
diversity of the three breeds of piglets increased continuously
during the suckling period, and XB piglets had higher microbial
diversity than TB piglets, suggesting that XB piglets exhibited hy-
bridization effects with a better microecosystem. A previous study
indicated that fecal microbiota transplantation from Congjiang
miniature (CM) piglets to Landrace � Yorkshire (LY) piglets altered
the intestinal microbiota diversity and alleviated the diarrhea of
early-weaned piglets (Hu et al., 2018a). In agreement with those
findings, cross-breed XB piglets may have more potential to resist
weaning stress than foreign piglets.

The deterioration of intestinal microbiota, such as Fusobacte-
rium, Bacteroides fragilis, and Escherichia coli, leads to the dysfunc-
tion of the intestinal barrier and the infiltration of inflammatory
mediators and chemokines (Ahmad Kendong et al., 2021). In the
present study, TB and XB piglets had a lower abundance of
EscherichiaeShigella at 24 d old while having a higher abundance of
Streptococcus in comparisonwith DR piglets. Previously, it has been
found that Duroc� Landrace� Yorkshire piglets weaned at 24 d old
had increased relative abundances of Lachnospiraceae, Selenomo-
nadales, E. coli, and Campylobacterales and decreased Lactobacillus
and Alloprevotella (Quan et al., 2018). Research evidence suggests
that EscherichiaeShigella plays a pathogenic role in the develop-
ment of nonalcoholic fatty liver disease and is a potential pathogen
causing dysentery and diarrhea (Choudhury and Kleerebezem,
2022; Xin et al., 2022). A previous study has also indicated that
EscherichiaeShigella may cause diarrhea and dysentery in young
animals, while breastfeeding can promote the production of lactic
acid in the intestines of young animals, thus inhibiting the growth
of EscherichiaeShigella (Konstantinov et al., 2006). At the same
time, our previous study showed that TB and XB piglets might
obtain more immune protection from the mother than DR piglets
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(Ding et al., 2022). Combined with the present study results, this
may be the reason for the decrease in the relative abundance of
EscherichiaeShigella in the ileum of indigenous piglets.

Dysregulation of the host intestinal microbiota and bile acid is
detrimental to intestinal barrier function. Microbiota dysregulation
leads to impaired bile acid conversion, resulting in increased pri-
mary and conjugated bile acids concentrations and decreased
secondary bile acids concentrations, whereas secondary bile acids
have anti-inflammatory capacity (Sinha et al., 2020; Yang et al.,
2021). The present study found that intestinal microbiota could
lead to the differences in intestinal barriers in different breeds of
piglets via the biosynthesis of steroids, steroid hormone, and pri-
mary bile acids. Furthermore, steroids regulate intestinal barrier
function. For instance, progesterone and estradiol could reduce the
permeability of chloride ions in IEC (Condliffe et al., 2001; Mayol
et al., 2002), and estradiol could up-regulate the expression of
occludin (Braniste et al., 2009). However, the regulatory mecha-
nism of steroids on intestinal barrier function needs to be further
explored.

Intestinal microbial metabolites not only participate in intesti-
nal immune regulation, but also participate in the regulation of
intestinal barrier function (Ghosh et al., 2021). The substances
produced by intestinal microbiota metabolism are divided into
derivativemetabolites, including compound K, de novometabolites
such as SCFA, and bile acid metabolites, which affect homeostasis
and the integrity of intestinal barrier function (Kho and Lal, 2018).
The present study found that TB piglets have higher relative levels
of metabolites involved in oxidative phosphorylation, steroid
biosynthesis, and bile acid synthesis during the suckling period,
while they had lower levels of metabolites involved in the tricar-
boxylic acid cycle, oxidative phosphorylation, and pentose phos-
phate pathway during the weaning period compared with XB and
DR piglets. Research evidence has shown that the TCA cycle,
oxidative phosphorylation, and pentose phosphate are important
pathways of oxidative state and active mitochondria in the body
(Alvarez et al., 2016; Perl et al., 2011). Lactobacillus gasseri LA39
isolated from the piglet intestine can activate the oxidative phos-
phorylation pathway of porcine epithelial cells to increase energy
production and play an important role in enhancing the intestinal
health of piglets (Hu et al., 2018b). Moreover, the oxidative phos-
phorylation pathway can activate oxidative branches according to
the cell demand, mainly producing nicotinamide adenine dinu-
cleotide phosphate that maintains the redox balance in cells or
producing nucleotide and amino acid precursors that support cell
growth and division (Patra and Hay, 2014; Stincone et al., 2015). The
regulation of intestinal microbiota and metabolites on intestinal
barrier function is significant and complex, and the specific
mechanism of action or interaction needs to be further explored.

Intestinal microbiota affects intestinal barrier function, and
metabolites produced by intestinal microbiota (i.e., SCFA, second-
ary bile acids, and bacteriocins) can interact with several receptors
or directly promote mucus secretion and enhance the expression of
tight junctions to protect the intestinal epithelial barrier (Kumar
et al., 2013). In the present study, Lactobacillus was positively
correlated with occludin expression and negatively correlated with
2-ketobutyric acid level. Moreover, EscherichiaeShigella, Strepto-
coccus, and Rothia were positively correlated with 2-ketobutyric
acid. These findings suggest that Lactobacillus may enhance intes-
tinal barrier function by inhibiting the production of 2-ketobutyric
acid by opportunistic pathogenic bacteria such as Escherichiae-
Shigella, Streptococcus, and Rothia. A previous study indicated that
Lactobacillus fructosus C2 could protect the integrity of Caco-2 cells
from E. coli or Salmonella enterica serovar Typhimurium infection
(Yu et al., 2015).
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5. Conclusion

In summary, there were differences in the development of the
small intestine but no differences in the mechanical barrier among
different breeds of pigs. During the suckling period, TB and XB
piglets' ileal villi atrophy was slower and the permeability at birth
was higher compared with DR piglets. After weaning, the chemical
barrier function of TB and XB piglets was stronger, the intestinal
mucosa secreted more mucin, and the permeability was lower
compared with DR piglets to prevent the invasion of harmful
substances. The ileal microbial diversity of the three breeds of pigs
increased with age and the differences among the three pig breeds
were mainly Firmicutes, Proteobacteria, and Actinobacteria. After
weaning, TB and XB piglets had a lower ileal abundance of
EscherichiaeShigella than DR piglets. Intestinal microbiota may also
lead to intestinal barrier differences among different pig breeds by
affecting the biosynthesis of steroids and primary bile acids. These
findings will provide a physiological and biochemical basis for
explaining the stress resistance of Chinese indigenous pigs, and the
theoretical basis and technical support for the prevention of
weaning stress of piglets.
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