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Introduction: Adequate crude protein (CP) content in diets plays a crucial role
in the intestinal health of the animal. This study investigated the impacts of
CP content in diets on the intestinal microbiome and metabolome profiles in
growing Huanjiang mini-pigs.

Methods: A total of 360 pigs with similar body weight (BW) were allocated for
three independent feeding trials based on three different BW stages, including (i)
5-10kg BW, diets consisting of 14, 16, 18, 20, and 22% CP content; (ii) 10-20kg
BW, diets consisting of 12, 14, 16, 18, and 20% CP content; and (iii) 20—30 kg BW,
diets consisting of 10, 12, 14, 16, and 18% CP content. These experiments lasted
28, 28, and 26 days, respectively.

Results: The results showed that the Shannon and Simpson indices were
decreased (p < 0.05) in the ileum of pigs in response to the 14-18% CP compared
with the 20% CP content at 5-10 kg BW stage, while diets containing 12 and 14%
CP had higher Chaol (p <0.05) and Shannon (p = 0.054) indices compared with
18% CP at 20—-30 kg BW stage. Compared with the 20% CP, the diet containing
16% CP displayed an increasing trend (p = 0.089) of Firmicutes abundance but
had decreased (p = 0.056) Actinobacteria abundance in the jejunum at 5-10kg
BW stage. In addition, a diet containing 16% CP had higher Lactobacillus
abundance in the jejunum and ileum compared with the 18, 20, and 22% CP,
while had lower Sphingomonas and Pelomonas abundances in the jejunum and
Streptococcus abundance in the ileum compared with the diet containing 22%
CP (p<0.05). Diets containing lower CP content altered differential metabolites
in the small intestine at the early stage, while higher CP content had less impact.

Conclusion: These findings suggest that a diet containing lower CP content
(16% CP) may be an appropriate dietary CP content for 5-10 kg Huanjiang mini-
pigs, as 16% CP content in diet has shown beneficial impacts on the intestinal
microbiome and metabolome profiles at the early growth stage of pigs.
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Introduction

The development of domestic pig breeding plays a crucial role
in the establishment of the agricultural economy of a country.
Dietary crude protein (CP) content is one of the most fundamental
factors and plays an important role in maintaining the growth and
development of pigs. However, high CP contents in diets lead to
excessive intake of essential amino acids, and the fermentation of
protein in the hindgut impairs intestinal health (Wang et al., 2018).
Moreover, inadequate dietary CP content in diets largely affects the
intestinal health of pigs. The epithelial morphology of the
duodenum and jejunum is impaired with low dietary CP in pigs
(Yu et al., 2019). However, reducing CP content in diets could
reduce harmful protein fermentation, such as the reduction of
ammonia concentration in the intestines of pigs (Pieper et al.,
2012). Generally, the National Research Council (NRC)
recommends requirements of dietary CP contents in diets for pigs
during different growth stages; however, the recommended CP
contents could be standardized depending on the geographically
challenged conditions and pigs’ genotype (Lee et al., 2022).
Therefore, it is necessary to evaluate the optimal dietary CP
contents in diets for domestic pig breeds to minimize production
costs and establish a better agricultural economy for the
pig industry.

The small intestine is mainly associated with the absorption and
digestion of proteins and contains undigested or incompletely digested
foods, especially proteins and carbohydrates (Portune et al., 2016). The
intestinal microbes are associated with food digestion, and various
metabolites produced during the digestion processes can
be transmitted through intestinal mucosa to affect the host’s body
condition (Blachier et al, 2017). Therefore, the proportion of
beneficial and pathogenic bacteria and various metabolites produced
by intestinal microbes are crucial for maintaining the health of
animals, especially during the growing phase. The colonization of host
intestinal microbes mostly occurs in piglets at an early age, while the
composition of the intestinal microbes of adult pigs is generally stable
(Matamoros et al.,, 2013). Thus, exploring the microbiome and
metabolome profiles of pigs during the growing phase is of
great significance.

Previous studies have revealed the impacts of high or low CP
contents in diets on intestinal microbes at different phases of pigs
(Pieper etal,, 2012; Yu etal., 2019). Our previous studies systematically
evaluated the optimal dietary CP contents in diets for Huanjiang mini-
pigs to improve the growth performance at different growth phases
(Zhao et al., 2021). The findings indicated that higher CP content in
diets could increase the intestinal inflammatory status of growing pigs
by activating the TLR-MyD88-NF-kB signaling pathway (Liu et al.,
2022). Moreover, lower or higher CP contents in diets had potential
native effects on the antioxidant capacity of growing Huanjiang mini-
pigs (Liu et al., 2023). However, the impacts of different CP contents
in diets on the intestinal microbiome and metabolome profiles of
Huanjiang mini-pigs have not been reported yet, and it still remains
unknown how dietary CP contents influence the intestinal
microbiome and metabolome profiles of pigs during different growth
stages. Thus, this study was carried out to the hypothesis that an
appropriate CP content in the diet could optimize the microbiome and
metabolome composition of Huanjiang mini-pigs based on their
growth stages.
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Materials and methods
Animals, management, and diets

The animal trials were performed at the Huanjiang Observation and
Research Station for Karst Ecosystems, Huanjiang, China. Huanjiang
mini-pigs (360; half male and half female) with similar body weight
(BW) and health status were selected and divided into three
corresponding groups for 28-, 28-, and 26-day trials. These three trials
were categorized as the 5-10kg, 10-20kg, and 20-30kg BW stages
groups after acclimation for 5days. The 5-10kg BW stage (Exp. 1)
consisted of 220 pigs (28days of age) with an average BW of
5.32+0.46kg and were randomly allocated into five CP (14, 16, 18, 20,
and 22%) content groups. In the 5-10kg BW stage, each CP content
group consisted of 8-10 pens (2.0 m x 3.0 m) with five pigs in each pen.
The 10-20kg growth stage (Exp. 2) consisted of 84 pigs (60 days of age)
with an average BW of 11.27 + 1.43kg and were randomly allocated into
five CP (12, 14, 16, 18, and 20%) content groups. In the 10-20kg BW
stage, each CP content group consisted of 15-19 pens (1.5mx 0.6 m),
with one pig per pen. The 20-30kg growth stage (Exp. 3) consisted of
56 pigs (94 days of age) with an average BW of 18.80+2.21kg and were
randomly allocated into five CP (10, 12, 14, 16, and 18%) content
groups. In the 20-30kg BW stage, each CP content group consisted of
11-12 pens (1.5mx 0.6 m), with one pig per pen.

The experimental pigs received three times (08:00, 14:00, and
20:30) meals per day and had access to feed and water ad libitum at all
times. All experimental pigs were housed in a well-ventilated piggery
with controlled humidity (60+5%) and at 23-25°C temperature.
Supplementing CP content in diets met the NRC recommended
requirements (National Research Council, 2012) and the Chinese
nutrient requirements (Ministry of Agriculture of the Peoples
Republic of China, 2004) (Supplementary Tables S1-S3). Diet
premixes for individual ingredients were formulated using the
recommended values by the National Research Council (2012). All
pigs were in good health condition, and had no gastrointestinal
diseases or any antibiotic exposure prior to the experimental trial.

Sample collection

Based on the average BW of each experimental pen, one pig from
each pen (each CP group had eight pens; total eight pigs) was selected
for the 5-10kg BW stage; and based on the average BW of each CP
content group, eight pigs from each group for the 10-20kg and 20-30kg
BW stages were selected (12h fasting) for sampling after euthanization
by electrical stunning (120V;, 200Hz; Electric Pig Stunner; Qingdao
Jianhua Food Machinery Manufacturing Co. Ltd., Qingdao, China) and
exsanguination. Approximately 2cm of the jejunum (10cm below the
flexure of the duodenum-jejunum) and ileum (10cm above the ileo-
cecal junction) contents were sampled into 1.5mL sterilized frozen tubes,
immediately frozen in liquid nitrogen, and finally preserved at —80°C for
bacterial DNA isolation and metabolome analysis.

Bacterial DNA extraction

The total bacterial genomic DNA from all intestinal samples (jejunum
and ileum) was extracted with OMEGA Soil DNA Kit (M5635-02;
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Omega Bio-Tek, Norcross, GA, United States) following the
manufacturer’s instructions and stored at —20°C prior to further analysis.
The quantity and quality of the extracted DNA were confirmed using a
NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, United States) and agarose gel electrophoresis, respectively.

16S rRNA gene amplicon sequencing

The polymerase chain reaction (PCR) amplification of the bacterial
16S rRNA genes with V3-V4 region was performed using the universal
forward primer 338F (5-ACTCCTACGGGAGGCAGCA-3") and the
reverse primer 806R (5'-GGACTACHVGGGTWTCTAAT-3’). Sample-
specific 7-bp barcodes were incorporated into the primers for multiplex
sequencing. The PCR reaction components contained 5.00 pL of buffer
(5%), 0.25uL of Fast pfu DNA Polymerase (5.00U/pL), 2.00puL
(2.50mM) of dNTPs, 1.00 uL (10puM) of each forward and reverse
primer, 1.00pL of DNA template, and 14.75pL of ddH,O. Thermal
cycling conditions for PCR consisted of initial denaturation at 98°C for
5min, followed by 25 cycles consisting of denaturation at 98°C for 30s,
annealing at 53°C for 305, and extension at 72°C for 45s, with a final
extension of 5min at 72°C. The amplicons of PCR were purified with
the Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China)
and quantified using the Quant-iT PicoGreen dsDNA Assay Kit
(Invitrogen, Carlsbad, CA, United States), following the manufacture’s
protocols. After the individual quantification step, purified amplicons
were pooled in an equal amount, and the pair-end (2x250bp)
sequencing was performed on an Illumina NovaSeq platform with
NovaSeq 6,000 SP Reagent Kit (500 cycles) by the Shanghai Personal
Biotechnology Co. Ltd. (Shanghai, China).

Sequence analysis

Microbiome bioinformatics analyses were performed using the
QIIME?2 v.4 with slight modifications according to the official tutorials.'
Briefly, raw sequence data were demultiplexed using the demux plugin,
followed by primers cutting with the cutadapt plugin. Sequences were
then quality filtered, denoised, merged, and chimera removed with
DADA2 plugin. The non-singleton amplicon sequence variants (ASVs)
were combined with mafft and performed to construct a phylogeny with
fasttree2. The alpha-diversity metrics (including Chaol, Observed_
species, Shannon, Simpson, Faith’s PD, Pielou’s evenness, and Good’s
coverage) and beta-diversity metrics (including weighted UniFrac,
unweighted UniFrac, Jaccard distance, and Bray—Curtis dissimilarity)
were determined with the diversity plugin. Taxonomy was assigned to
ASVs using the classify-sklearn naive Bayes taxonomy classifier in a
feature-classifier plugin against the Green genes Databases.

Bioinformatics analysis

Sequence data analyses were performed using the QIIME2 and R
packages (v3.2.0). The ASV-level alpha-diversity metrics, including

1 https://docs.qgiime2.org/2019.4/tutorials/
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Chaol richness estimator, Observed_species, Shannon index, and
Simpson index, were calculated using the ASV table in QIIME2. Beta-
diversity analysis was used to identify the microbial community
structure variations among samples using the unweighted UniFrac
distance metrics and visualized through principal coordinate analysis
(PCoA). Principal component analysis (PCA) was conducted based
on the compositional profiles at the genus level. The linear
discriminant analysis effect size (LEfSe) was performed to detect
differentially abundant taxa among different groups using the default
parameters. Phylogenetic investigation of communities by
reconstruction of unobserved state (PICRUSt) was used to
characterize the functional capacity of the small intestinal microbiota

of pigs.

UPLC-MS analysis for intestinal
metabolites

The metabolite contents in the jejunum and ileum of Huanjiang
mini-pigs were determined using a non-targeted metabolomics
approach with the UPLC-HDMS. The metabolomics procedures
included sample preparation, metabolite separation and detection,
data preprocessing, and statistical analysis.

For metabolite identification, approximately 25 mg of each sample
was weighed into a 2-mL EP tube and then added 500 puL extract
solution [acetonitrile: methanol: water=2:2:1 (v/v), with the
isotopically-labeled internal standard mixture] to the EP tube. After
30s of vortexing, the mixed samples were homogenized at 35Hz for
4min and sonicated in an ice-water bath for 5min. The
homogenization and sonication cycles were repeated three times.
Then the samples were incubated for 1h at —40°C and centrifuged at
12,000 x g for 15min at 4°C. The resulting supernatants were filtered
through a 0.22-pm membrane and transferred to fresh glass vials for
further analysis. The quality control (QC) sample was obtained by
mixing an equal aliquot of the supernatants from all samples.

An ultra-performance liquid chromatography (UPLC) system
(Vanquish, Thermo Fisher Scientific, Waltham, MA, United States)
with a UPLC BEH Amide column (2.10x 100 mm, 1.70 pm) coupled
with Q Exactive HFX mass spectrometer (Orbitrap MS, Thermo
Fisher Scientific, Waltham, MA, United States) was used to perform
LC-MS/MS analyses. The mobile phase A contained 25mmol/L
ammonium acetate and 25 mmol/L ammonia hydroxide in water, and
the mobile phase B contained acetonitrile. The injection volume was
3pL, and the temperature of the auto-sampler was set at 4°C. To
acquire MS/MS spectra on an information-dependent acquisition
(IDA) mode, the QE HEX mass spectrometer was used for its ability
in the control of the acquisition software (Xcalibur, Thermo Fisher
Scientific, Waltham, MA, United States). In this mode, the acquisition
software continuously evaluated the full scan of the MS spectrum. The
conditions for ESI source were set as follows: sheath gas flow rate 30
Arb, Aux gas flow rate 25 Arb, capillary temperature 350°C, full MS
resolution 60,000, MS/MS resolution 7500, collision energy
10/30/60 in NCE mode, and spray voltage 3.60kV (positive ion mode)
or —3.20kV (negative ion mode), respectively.

For peak detection, extraction, alignment, and integration,
obtained raw data were converted into mzXML format by
ProteoWizard and then processed with an in-house program,
which was developed using R and based on XCMS. The metabolites
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were annotated using an in-house MS2 (secondary mass
spectrometry) database (BiotreeDB v2.1). The value of the cutoff
was 0.3. The PCA and orthogonal partial least squares discriminant
analysis (OPLS-DA) were established by the SIMCA software
v.16.0.2 (Sartorius Stedim Data Analytics AB, Umea, Sweden) to
visualize the distinction and detect differential metabolites among
different CP content groups. Moreover, the Kyoto Encyclopedia of
Genes and Genomes (KEGG) and MetaboAnalyst 5.0 were used
for pathway analysis.

Statistical analysis

All experimental data were statistically analyzed by a one-way
analysis of variance using SPSS v.26.0 software (SPSS Inc., Chicago, IL,
United States) package. All data were checked for normal distribution,
and then Tukey post-hoc test was subjected to comparative analyses
among different groups. The individual pigs were considered the
experimental unit. Data are presented as means + standard error of
the mean (SEM). The significance and a trend toward differences were
considered as p<0.05 and 0.05<p<0.10, respectively. The GraphPad
Prism 8.0 (San Diego, CA, United States) was used for
processing images.

Results

Effects of different CP content in diets on
the small intestinal microbiota community

Effects of different CP content in diets on the small intestinal
microbiota community of Huanjiang mini-pigs are presented in
Figure 1. Based on the high-throughput sequencing, a total of
5,541,169 raw sequences were generated from 30 jejunal and 29 ileal
samples at 5-10kg BW stage. After a series of processing, including
filtering, denoising, and removing chimeras, a total of 3,923,641 high-
quality sequences were obtained and aggregated into ASVs. Based on
97% sequencing similarity, a total of 4,569 bacterial ASVs were
annotated in the jejunum, and 368 bacterial ASVs were common
among different CP content groups, whereas 3,842 bacterial ASVs
were annotated in the ileum, and 197 bacterial ASVs were common
among different CP content groups.

At 10-20kg BW stage, a total of 7,428,973 raw sequences
were generated from 39 jejunal and 39 ileal samples of Huanjiang
mini-pigs. After filtering, denoising, and removing chimeras, a
total of 5,281,664 high-quality sequences were obtained and
aggregated into ASVs (Figure 1). A total of 3,538 bacterial ASV's
were annotated in the jejunum of which 341 were common
bacterial ASVs, whereas 3,002 bacterial ASVs were annotated in
the ileum of which 333 were common bacterial ASV's based on
97% sequencing similarity.

At 20-30kg BW stage, a total of 7,234,867 raw sequences were
generated from 35 jejunal and 35 ileal samples of Huanjiang mini-
pigs, of which 5,044,147 high-quality sequences were obtained and
aggregated into ASVs. Based on 97% similarity, 3,868 bacterial
ASVs and 364 common ASVs were annotated in the jejunum, and
3,680 bacterial ASVs and 261 common ASV's were annotated in
the ileum.
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Effects of different CP content in diets on
the small intestinal microbiota diversity

The small intestinal microbiota alpha-diversity, including Chao 1,
Shannon, Simpson, and Observed_species indices of Huanjiang mini-
pigs during different growth stages, are presented in Table 1. At
5-10kg BW stage, there were no significant differences (p >0.05) in
the jejunum alpha-diversity indices among the five CP content groups.
The 14, 16, and 18% CP contents in diets decreased (p<0.05) the
Shannon and Simpson indices in the ileum of pigs compared with the
20% CP content in the diet. At 10-20kg BW stage, different CP
content in diets had no impact (p>0.05) in the jejunum and ileum
alpha-diversity indices. At 20-30kg BW stage, 12 and 14% CP
contents in diets increased (p <0.05) the Chao 1 index in the ileum
compared with the 10, 16, and 18% CP contents. The 12 and 14% CP
contents in diets displayed an increasing trend (p =0.054) in the
Shannon index in the ileum of pigs compared with the 18% CP
content. Moreover, 14% CP content in the diet increased (p <0.05) the
Observed_species index in the ileum of pigs compared with the other
CP contents in diets. However, there were no significant differences
(p>0.05) in the jejunum alpha-diversity indices among different CP
content at 20-30kg BW stage.

Effects of different CP content in diets on the small intestinal
microbiota beta-diversity of Huanjiang mini-pigs are presented in
Figure 2. The PCoA analysis showed that there were significant
separations of the microbial community structure in the jejunum
and ileum of pigs between 14 and 16% CP contents and 20 and 22%
CP contents at 5-10kg BW stage, as well as the microbial
community structure in the ileum of pigs at 20-30 kg BW stage
(Figure 2A). Further non-metric multidimensional scaling
(NMDS) analysis was used to assess intergroup microbial
community structure distance among different CP content in diets
of the different BW groups. The microbial community structure
had significant separations in the jejunum and ileum at 5-10kg
BW stage, in the jejunum at 10-20kg BW stage, as well as in the
jejunum and ileum at 20-30kg BW stage (Figure 2B).

Effects of different CP content in diets on
the small intestinal microbial community
composition

Based on 97% sequence similarity, the top 10 bacterial phyla and
top 20 bacterial genera in the jejunum and ileum of Huanjiang mini-
pigs during different BW stages were identified (Figures 3, 4). At
5-10kg BW stage, Firmicutes (74.09, 87.41, 56.99, 48.72, and 55.81%),
Proteobacteria (21.70, 10.43, 37.21, 39.82, and 39.04%), Actinobacteria
(2.24,0.78, 4.73,7.53, and 3.37%), and Bacteroidetes (0.44, 1.30, 0.96,
1.83, and 1.23%) were the top dominant phyla in the jejunum of the
14, 16, 18, 20 and 22% CP content groups, respectively, accounting
more than 90% of the total bacterial phyla (Figure 3A). Additionally,
16% CP content in the diet displayed an increasing trend (p =0.089)
of Firmicutes abundance, while 14 and 16% CP contents in diets
showed a decreasing trend (p =0.056) of Actinobacteria abundance in
the jejunum compared with the 20% CP (Figure 3B). In the ileum,
Firmicutes (89.33, 98.69, 76.00, 72.18, and 62.47%), Proteobacteria
(10.40, 1.07, 19.98, 21.90, and 32.91%), and Actinobacteria (0.15, 0.12,
3.34,4.70, and 3.73%) were the top three dominant phyla of the 14,
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FIGURE 1
Effects of different crude protein (CP) content in diets on the microbiota community in the small intestine of Huanjiang mini-pigs during different body
weight (BW) stages.

16, 18, 20, and 22% CP content groups, accounting more than 90% of
the total bacterial phyla (Figure 3A). However, there were no
significant differences (p>0.05) in bacterial phyla abundances in the
ileum among different CP content groups at 5-10kg BW stage.

At 10-20kg BW stage, the dominant phyla in the jejunum of the
12, 14, 16, 18, and 20% CP content groups were Firmicutes (86.57,
87.96, 86.76, 85.64, and 88.23%) and Proteobacteria (9.88, 10.78,
10.91, 11.57, and 10.48%), whereas in the ileum were Firmicutes
(99.36, 92.93, 97.86, 99.27, and 99.58%) and Proteobacteria (0.43, 2.18,
1.85, 0.51, and 0.25%) (Figure 3A). There were no significant
differences (p>0.05) in the abundances of bacterial phyla in the
jejunum and ileum at 10-20kg BW stage.

At 20-30kg BW stage, Firmicutes (70.38, 53.87, 65.03, 72.82, and
59.72%), Proteobacteria (26.94, 41.51, 31.34, 24.69, and 35.27%), and
Bacteroidetes (1.06, 3.49, 1.88, 1.77, and 3.36%) in the jejunum and
Firmicutes (98.32, 93.17, 94.44, 96.18, and 82.31%) and Proteobacteria
(1.51, 6.40, 4.78, 3.69, and 17.62%) in the ileum were the top abundant
bacterial phyla of the 10, 12, 14, 16, and 18% CP content groups
(Figure 3A). However, there were no significant differences (p >0.05)
in the abundances of bacterial phyla in the jejunum and ileum at
20-30kg BW stage.

Effects of different CP content in diets on the small intestinal
microbial community composition of Huanjiang mini-pigs during
different BW stages at the genus level are presented in Figure 4. At
5-10kg BW stage, Lactobacillus (61.38, 84.12, 42.24, 13.50, and
29.75%), Sphingomonas (6.92, 3.58, 17.22, 7.29, and 16.54%), and
Streptococcus (3.72, 1.26, 3.68, 14.25, and 13.61%) were the most
dominant genera in the jejunum of the 14, 16, 18, 20, and 22% CP
content groups. In addition, bacterial genera in the jejunum with >1%
relative abundances were Aquabacterium, Brevundimonas, and
Acinetobacter (Figure 4A). The diet consisting of 16% CP increased
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(p<0.05) the relative abundance of Lactobacillus in the jejunum of
pigs compared with the 18-22% CP contents, while 16% CP content
in the diet displayed a decreasing trend (p=0.086) of Sphingomonas
abundance in the jejunum of pigs compared with the 18 and 22% CP
contents. The 14, 16, and 20% CP contents in diets decreased (p < 0.05)
the Pelomonas abundance in the jejunum of pigs compared with the
22% CP (Figure 4B). The dominant bacterial genera in the ileum of
the 14, 16, 18, 20, and 22% CP content groups were Lactobacillus
(68.03, 82.49, 37.33, 10.65, and 22.04%), Turicibacter (3.85, 7.05, 26.04,
9.91, and 14.07%), and Shigella (0.19, 0.15, 0.36, 5.64, and 15.93%) at
5-10kg BW stage (Figure 4A). The 14-16% CP contents in diets
increased (p<0.05) the Lactobacillus abundance in the ileum of pigs
compared with the 20-22% CP contents, while 14-18% CP contents
in diets decreased (p <0.05) the Streptococcus abundance compared
with the 20% CP content (Figure 4C). At 10-20kg BW stage, the most
dominant genera in the jejunum of the 12, 14, 16, 18, and 20% CP
content groups were Lactobacillus (70.85, 85.51, 82.72, 76.92, and
84.51%), Sphingomonas (3.80, 5.05, 3.29, 3.52, and 4.39%), and
Aquabacterium (2.03, 1.60, 2.75, 3.66, and 2.13%), whereas in the
ileum were Lactobacillus (60.28, 83.73, 76.83, 74.92, and 80.60%),
Turicibacter (16.88, 1.42,7.81, 14.42, and 11.29%), and Clostridiaceae-
Clostridium (3.26, 3.23, 2.43, 1.19, and 0.47%) (Figure 4A). At
20-30kg BW stage, Lactobacillus (56.62, 45.48, 50.57, 67.52, and
52.07%), Streptococcus (10.27, 11.77, 12.55, 7.35, and 20.54%),
Aquabacterium (4.34,7.35, 4.35, 4.53, and 2.93%), and Brevundimonas
(3.67, 3.07, 3.94, 5.07, and 6.29%) were the most abundant genera in
the jejunum, and Lactobacillus (49.91, 59.44, 31.72, 47.27, and
41.05%), Turicibacter (20.90, 15.21, 15.03, 32.62, and 28.37%), and
Shigella (0, 4.46, 0, 2.69, and 16.80%) were the most abundant genera
in the ileum of the 12, 14, 16, 18, and 20% CP content groups
(Figure 4A). There were no significant differences (p>0.05) in the
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TABLE 1 Effects of different crude protein (CP) content in diets on the small intestinal microbiota alpha-diversity of Huanjiang mini-pigs during
different body weight (BW) stages.

& Dietary CP contents (%)

Jejunum

5-10kg BW 14 16 18 20 2

Chaol 603.53+132.35 503.12+63.89 710.23+77.25 776.74+158.53 74744 +154.38 0.514
Shannon 453+0.75 3714047 4.93+0.46 5.53+0.60 452+0.79 0.370
Simpson 0.79+0.10 0.71+0.06 0.83+0.07 0.89+0.06 0.77+0.11 0.633
Observed_species 489.28+99.01 418+48.33 578.53+58.95 633.73+120.34 597.78 +123.27 0.540
10-20 kg BW 12 14 16 18 20

Chaol 511.79+92.62 344.67+35.18 448.79 +64.54 473.62+41.31 444,20 +56.01 0.404
Shannon 4274044 3234041 3.35+0.44 4534032 400+0.39 0.108
Simpson 0.77+0.06 0.64+0.07 0.67+0.07 0.82+0.05 0.75+0.05 0.210
Observed_species 432.04+72.43 296.43+29.00 369.88 +49.41 397.53+30.41 375.41 +46.86 0.377
20-30kg BW 10 12 14 16 18

Chaol 603.01+46.88 42454 +64.11 451.75+33.75 524.83+65.39 539.89+61.08 0.187
Shannon 4924025 3.89+0.44 4104032 455+0.33 4174024 0.201
Simpson 0.89+0.02 0.76:+0.07 0.81+0.04 0.84+0.04 0.82+0.02 0.293
Observed_species 492.03+37.53 350.54+47.48 376.29+25.47 437.81+53.63 438.53+43.69 0.170
Tleum

5-10 kg BW 14 16 18 20 22

Chaol 406.05+30.95 391.87 +46.44 541.74+105.12 689.76+115.98 675.89+204.76 0.188
Shannon 3.08+0.38" 3.25+0.44° 3.45+0.49° 5.07+0.38° 45040.76" 0.030
Simpson 0.59+0.08" 0.68+0.07° 0.66+0.08" 0.88+0.03* 0.79+0.07" 0.036
Observed_species 340.47+24.63 336.95+37.28 435.08+81.96 552,98 +82.71 555.04+169.63 0.225
10-20kg BW 12 14 16 18 20

Chaol 362.50+46.12 387.84+51.15 528.35+65.76 408.55+48.43 438.4+49.13 0.222
Shannon 3.14+0.46 321053 3.78+0.41 3.32+0.36 3.54+0.48 0.854
Simpson 0.60+0.08 0.61+0.08 0.69+0.07 0.64+0.07 0.65+0.08 0.908
Observed_species 313.33+40.52 332.58+44.16 442.15+52.04 348.90+39.97 372.26+42.12 0.288
20-30kg BW 10 12 14 16 18

Chaol 451.20+38.12° 611.14+84.24¢ 617.68+54.98° 410.32+37.36" 314,47 +42.92" 0.001
Shannon 3.93+031 429+0.65 450+0.30 3.33+0.37 2.85+0.44 0.054
Simpson 0.76+0.05 0.74+0.09 0.82+0.04 0.66+0.06 0.60+0.08 0.199
Observed_species 297.71+43.18" 320.99+40.06" 482.96+52.10° 328.04+43.55" 339.83+3225" 0.035

Data are presented as means = SEM (n =6-8 per group). **Different superscript letters within the same row indicate significant differences among the groups (p <0.05). BW, body weight; CP,

crude protein.

abundances of the small intestinal genera at 10-20kg and 20-30kg
BW stages.

Effects of different CP content in diets on
metabolic capability profiles of the small
intestinal microbiota

Different CP content in diets on the small intestinal metabolic
capacity of Huanjiang mini-pigs during different BW stages are presented
in Figure 5. The LEfSe analysis revealed that 20% CP content in the diet
enriched the Prevotella and Tetrathiobacter, while 22% CP content in the

Frontiers in Microbiology

diet enriched the Pseudomonas, Balneimonas, and Denitromonas
differential marker genera in the jejunum of pigs at 5-10kg BW stage
(Figure 5A). In the ileum, the differential marker genera Sphaerotilus
(14% CP), Blautia (20% CP), and Limnobacter (22% CP) were enriched
at 5-10kg BW stage (Figure 5B). At 10-20kg BW stage, the differential
marker genera Weissella (12% CP) and Sphaerotilus (16% CP) were
enriched in the ileum (Figures 5A,B). At 20-30kg BW stage, the
differential marker genera Bifidobacterium (10% CP) and Ralstonia (18%
CP) in the jejunum and Elstera (10% CP), Limnobacter (10% CP),
Enterococcaceae (12% CP), SMB53, Actinobacillus (14% CP), Ralstonia
(16% CP), and Sphaerotilus (18% CP) in the ileum were enriched in the
different CP content groups (Figures 5A,B).
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FIGURE 2

ileum of pigs during different BW stages (B).

Effects of different crude protein (CP) content in diets on the small intestinal microbiota beta-diversity of Huanjiang mini-pigs during different growth
stages. Principal coordinate analysis (PCoA) score plots of the microbiota in the jejunum and ileum of pigs during different body weight (BW) stages
(A) and non-metric multidimensional scaling (NMDS) ordinations score plots based on Bray-Curtis distance metric of microbiota in the jejunum and

The impacts of different CP content in diets of Huanjiang mini-
pigs during different BW stages on the small intestinal microbiota
predictive function are shown in Figure 6. The level 1 PICRUST
functional prediction analysis was used to compare functional
enrichment of microbiota among the five CP content groups, and
metabolic pathways were divided into six functional categories
(including cellular processes, environmental information processing,
genetic information processing, human diseases, metabolism, and
organismal systems) (Figure 6A). In addition, 45 differential gene
functions were observed among different CP content groups by level
2 PICRUST function prediction (Figure 6B). At 5-10kg BW stage,
there were significant changes in the majority pathways related to cell
growth and death, replication and repair, infectious diseases, energy
metabolism, terpenoid and polyketide metabolism, and endocrine
system and immune system-related functions or pathways in the
jejunum. In the ileum, the pathways belonged to cell motility,
replication and repair, translation, infectious diseases, amino acid

Frontiers in Microbiology

metabolism, biosynthesis of other secondary metabolites, and lipid
metabolism and digestive system related functions or pathways. At
10-20kg BW stage, there were no significant differences in the
microbial functional pathways in the jejunum and ileum of the
different CP content groups. At 20-30kg BW stage, the pathways
related to cell community-prokaryote and carbohydrate metabolism
were enriched in the jejunum, whereas glycan biosynthesis and
metabolism and cofactors and vitamins metabolism were enriched in
the ileum of pigs.

Effects of different CP content in diets on
the small intestinal metabolome profile

In order to reveal the effects of different CP content in diets on the

small intestinal metabolome profile of Huanjiang mini-pigs during
different BW stages, metabolites extracted from jejunal and ileal
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FIGURE 3
Effects of different crude protein (CP) content in diets on the small intestinal microbiota community composition (A) at the phylum level during
different body weight (BW) stages and taxonomic differences in the jejunum (B) at 5-10 kg BW of Huanjiang mini-pigs.

samples were detected by UPLC-QTOF/MS. A total of 12,494 peaks
were obtained from the positive ion mode (ESI*) and 9,940 peaks from
the negative ion mode (ESI") of LC-MS. After denoising, filtering, and
data standardization, 8,586 (ESI*) and 6,979 (ESI") valid peaks were
obtained from the positive and negative ion modes, respectively.
Finally, 845 (ESI") and 334 (ESI") differential metabolite signals were
detected after matching with the local database (Shanghai Biotree
Co. Ltd., China)

Biomedical ~ Technology

(Supplementary Tables S4-S7).

Shanghai,

Combined with our previous findings on immune- and
antioxidant-related data (Liu et al., 2022, 2023), metabolomics analysis
was considered by comparing the highest, lowest, and best dietary CP
content in diets at each BW stage. The comparison groups included
14% vs. 20% and 20% vs. 22% CP contents for the 5-10kg BW stage,
12% vs. 16% and 16% vs. 20% CP contents for the 10-20kg BW stage,
and 10% vs. 12% and 12% vs. 18% CP contents for the 20-30kg BW

Frontiers in Microbiology

stage. Considering the higher differential metabolite signals (845 vs.
334; ESI* vs. ESI"), this study mainly analyzed the data under the
ESI * mode.

Firstly, metabolite data in the ESI" mode was visualized using an
unsupervised multivariate data analysis method (PCA). As shown in
Figure 7A, there were no visible differences between the groups,
indicating that there were no significant differences in metabolome
profiles between different CP content groups. To maximize the
visualization of the changes in metabolome profiles between the
different CP content groups, the data collected from the ESI* mode
were processed using the supervised multivariate data analysis method
(OPLS-DA). As shown in Figure 7B and Supplementary Figure S1,
there were significant visible cluster separation effects between groups
with different dietary CP content groups, indicating that different CP
content in diets significantly changed the small intestinal metabolome
pattern of Huanjiang mini-pigs during different BW stages.
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FIGURE 4
Effects of different crude protein (CP) content in diets on the small intestinal microbiota community composition (A) of Huanjiang mini-pigs at the
genus level during different body weight (BW) stages. Taxonomic differences in the jejunum (B) and ileum (C) at 5-10 kg BW of Huanjiang mini-pigs.
a-c Values with different lowercase letters means significant difference (p < 0.05).

to screen differential metabolites. Fifty-seven differential

Effects of different CP content in diets on
differential metabolites in the small
intestinal contents

Metabolites from different CP content groups were screened
and identified based on parameter criteria of VIP > 1.0 and p <0.05
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metabolites (increased 16 and decreased 41) were identified in the
jejunum of the 14% CP content group compared to the 20% CP
content group at 5-10kg BW stage (Figure 8). The differential
metabolites mainly included lipids and lipid-like molecules, organic
acids and derivatives, and organic heterocyclic compounds. Six
differential metabolites (increased three and decreased three) were
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FIGURE 5
Analysis of taxonomic abundance of microbiota using linear discriminant analysis effect size (LEfSe) analysis (LDA score >2, p <0.05) in the jejunum
(A) and ileum (B) of Huanjiang mini-pigs during different body weight (BW) stages.

identified in the jejunum of the 22% CP content group compared to
the 20% CP group. These metabolites mainly included amines,
amino acids, and organic oxygen compounds. In addition, 111
differential metabolites (increased three and decreased 108) were
identified in the ileum of the 14% CP content group compared to
the 20% CP group at 5-10kg BW stage. The differential metabolites
mainly included organic acids and derivatives, organic heterocyclic
compounds, and lipids and lipid-like molecules. Furthermore, 11
differential metabolites (increased two and decreased nine) were
identified in the ileum of the 22% CP content group compared to
the 20% CP group at 5-10kg BW stage. The differential metabolites
mainly included organic acids and derivatives, as well as lipids and
lipid-like molecules.

At 10-20kg BW stage, 42 differential metabolites (increased four
and decreased 38) were identified in the jejunum of the 12% CP
content group compared to the 16% CP content group. These
differential metabolites mainly included lipids and lipid-like
molecules, organic acids and derivatives, organic heterocyclic
compounds, and benzenes. In addition, 34 differential metabolites (all
metabolites were decreased) were identified in the jejunum of the 20%
CP content group compared to the 16% CP content group. These
differential metabolites mainly included lipid and lipid-like molecules,
phenylpropane and polyketide, and benzene. A total of 40 differential
metabolites (increased two and decreased 38) were identified in the
ileum of the 12% CP content group compared to the 16% CP content
group. These metabolites mainly included lipid and lipid-like
molecules, organic acids and derivatives, organic heterocyclic
compounds, and benzene. Moreover, 14 differential metabolites
(increased three and decreased 11) were identified in the ileum of the
20% CP content group compared to the 16% CP content group, and
the differential metabolites mainly included lipids and lipid-like
molecules (Figure 8).

At 20-30kg BW stage, 23 differential metabolites (increased six
and decreased 17) were identified in the jejunum of the 10% CP
content group compared to the 12% CP content group. The differential
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metabolites mainly included lipids and lipid-like molecules, organic
acids, and derivatives. In addition, 15 significantly increased
differential metabolites were identified in the jejunum of the 18% CP
content group compared to the 12% CP content group. The differential
metabolites mainly included organic acids and derivatives and organic
heterocyclic compounds. A total of 84 differential metabolites
(increased six and decreased 78) were identified in the ileum of the
10% CP content group compared to the 12% CP content group. The
differential metabolites mainly included organic heterocyclic
compounds, organic acids and derivatives, lipids and lipid-like
molecules, and benzenes. Furthermore, 227 differential metabolites
(increased 20 and decreased 207) were identified in the ileum of the
18% CP content group compared to the 12% CP content group. The
differential metabolites mainly included organic heterocyclic
compounds, organic acids and derivatives, and lipids and lipid-like
molecules (Figure 8).

Effects of different CP content in diets on
the intestinal metabolome metabolism
pathways

The KEGG analysis was used to further analyze the metabolism
pathways and metabolite marker of differential metabolites between
the high and low CP content in diets and the optimal CP content in
the diet (Figure 9). At 5-10kg BW stage, the steroid hormone
biosynthesis pathway was enriched in the jejunum of the 14% CP
content group compared to the 20% CP content group, which was
related to the four detected steroid differential metabolites. However,
no differential metabolic pathway was detected in the jejunum of the
22% CP content group compared to the 20% CP content group
(Figure 9A). Moreover, phenylalanine metabolism, aminoacyl-tRNA
biosynthesis, phenylalanine/tyrosine/tryptophan  biosynthesis,
arginine/proline metabolism, and p-alanine metabolism pathways

were enriched in the ileum of the 14% CP content group compared to
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FIGURE 6

Predictive metagenomics showing differences in the function among different CP content in diets of Huanjiang mini-pigs during different body weight
(BW) stages. Metabolic pathways with different functional categories using the level 1 (A) analysis and level 2 (B) PICRUST analysis.

Frontiers in Microbiology

11

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1398919
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Liuetal. 10.3389/fmicb.2024.1398919
A Jejunum Ileum
CP14 vs CP20 CP20 vs CP22 CP14 vs CP20 CP20 vs CP22
Sl G o il o
- e N T rewm N PC1[48.2%) N = oo -
CP12vs CP16 CP16 vs CP20 CP12vs CP16 CP16 vs CP20
10-20 kg ; <- ) z 7 <“ > ;:: ; < .: ) | ; C ) )
CP10 vs CP12 CP12 vs CP18 CP10 vs CP12 CP12vs CP18
T T IR
N o 2 O ) g N
B Jejunum Ileum
CP14 vs CP20 CP20 vs CP22 CP14 vs CP20 CP20 vs CP22
CP12vs CP16 CP16 vs CP20 CP12vs CP16 CP16 vs CP20
10-20 kg g CD - ; (y Lo ; K:. D H § C) e
CP10 vs CP12 CP12 vs CP18 CP10 vs CP12 CP12vs CP18
2030 ke K \ K \ A / - ‘\ / \
S s - " s s § S EPL S : LA P -
S N D e N D e N
FIGURE 7

The PCA analysis (A) and score plots of OPLS-DA (B) analysis of the small intestinal metabolites of different dietary crude protein (CP) content in diets
of Huanjiang mini-pigs during different body weight (BW) stages.

the 20% CP content group, which were associated with 10 amino acids

and phytohormone differential metabolites detected. However, no

differential metabolite pathways were detected in the ileum of the 20%

vs. 22% CP content groups (Figure 9B).

Frontiers in Microbiology

At 10-20kg BW stage, the histidine metabolism pathway was
enriched in the jejunum of the 16% CP content group compared to
the 20% CP content group (Figure 9A). In addition, the primary bile
acid biosynthesis pathway was enriched in the ileum of the 16% CP
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color represents the metabolites those were not differed.

Volcano plots of the small intestinal metabolites based on the non-target metabolomics. Each symbol represents the identified metabolite, orange
color represents significantly up-regulated differential metabolites, blue color represents significantly down-regulated differential metabolites, and gray

content group compared with the 20% CP content group, and it was
associated with the detected 25-hydroxycholesterol differential
metabolite (Figure 9B). However, there was no pathway enrichment
in the jejunum and ileum between the 12 and 16% CP content groups.

At 20-30kg BW stage, alanine, aspartate, and glutamate
metabolic pathways were enriched in the jejunum of the 10% CP
content group compared to the 12% CP content group, which were
associated with differential metabolites of argininosuccinic acid
(Figure 9A). Arginine and proline metabolism, and aminoacyl-
tRNA biosynthesis pathways were enriched in the ileum of the 10%
CP content group compared to the 12% CP content group, which
were associated with six amino acids differential metabolites
detected. Moreover, arginine and proline metabolism, phenylalanine
metabolism, aminoacyl-tRNA biosynthesis, phenylalanine, tyrosine
and tryptophan biosynthesis, D-glutamine and D-glutamate
metabolism, pantothenic acid and CoA biosynthesis, f-alanine
metabolism, and nitrogen metabolism pathways were enriched in
the ileum of the 12% CP content group compared to the 18% CP
content group. These pathways were associated with 17 amino acids,
phytohormones, and carbonyl compounds (Figure 9B). However,
there was no metabolic pathway enrichment in the jejunum between
the 12 and 18% CP content groups.

Discussion

The intestinal microbiome and metabolome play an important
role in human and animal health. Diet is one of the main factors
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affecting the intestinal microbiome composition (Jjaz et al., 2018).
Dietary CP is a major macronutrient in diets and contributes to
maintain the health of animals by regulating the micro-ecological
balance and metabolite production in the small intestine. Thus, this
study investigated the effects of different CP content in diets on the
small intestinal microbiome and metabolome profiles of Huanjiang
mini-pigs during different growth stages. The results showed that the
optimal CP content in the diet affected the immunity and antioxidant
capacity of Huanjiang mini-pigs by regulating the abundant
microbiota composition of the small intestine and their amino acid-
related metabolic activities.

The intestinal microbiota regulates the gastrointestinal health and
function of the host. The higher microbial diversity is beneficial for
intestinal homeostasis and the overall health of the host. The Chaol
and Observed_species indices indicate microbial richness, while the
Shannon and Simpson indices indicate microbial diversity. In the
present study, 20% CP content in the diet increased the Shannon and
Simpson indices in the ileum at 5-10kg BW stage, while 12 and 14%
CP contents in diets had higher microbial richness and diversity in the
ileum at 20-30kg BW stage. These findings indicate that 20% CP
content in the diet at 5-10kg BW stage and 12-14% CP contents in
diets at 20-30kg BW stage were more effective in contributing to
intestinal homeostasis of piglets. However, different CP content in
diets at 10-20kg BW stage had no impact on the microbial diversity
of piglets. The findings were consistent with a previous study, which
reported that a reduction of 3% of CP content in diets does not affect
microbial richness and diversity (Zhou et al., 2016). Further beta-
diversity analysis showed that different dietary CP content influenced
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FIGURE 9

Effects of different crude protein (CP) content in diets on metabolic pathways in the jejunum (A) and ileum (B) of Huanjiang mini-pigs during different
body weight (BW) stages.

the overall microbiota structure in the small intestine of Huanjing  stages, which was different from previous studies (Wang X. et al., 2019;

mini-pigs during 5-10 and 20-30kg BW stages. Hou et al,, 2021). It has been reported that an increase in the

Firmicutes and Proteobacteria were the most dominant phylain  Firmicutes to Bacteroidetes ratio promotes lipid deposition (Wang

the jejunum and ileum of Huanjiang mini-pigs during different BW ~ X.X. et al,, 2019) and may be associated with metabolic diseases, such
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as obesity. We found that 16% CP content in the diet displayed an
increasing trend of the Firmicutes abundance in the jejunum
compared to the 20% CP content; however, there was no significant
difference in the relative abundance of Bacteroidetes in the jejunum
among different CP content in diets. Moreover, 14 and 16% CP
contents in diets displayed a decreasing trend of Actinobacteria
abundance in the jejunum compared to the 20% CP content.
Bifidobacterium belongs to the Actinobacteria phylum, a potential
probiotic that promotes body health and can inhibit colonization by
intestinal pathogens (Barba-Vidal et al., 2017) and modulate intestinal
immune responses (Kandasamy et al., 2014). However, it has been
found that feeding the pigs with a lower CP content in the diet for
120 days increased the Bifidobacterium abundance in the jejunum and
ileum (Zhang et al., 2020). The inconsistency of our results might
be related to the test pigs’ breed and the age in the present study, which
was different, and the small intestinal microbiota composition was
affected differently. A higher CP content in the diet (CP>20%) affects
the intestinal structure and barrier function, thereby affecting
intestinal health, which ultimately leads to an increased rate of
diarrhea in piglets (Xia et al., 2022). Previously, we found the diarrhea
index was increased in the Huanjiang mini-pigs at 5-10kg BW stage
with a higher CP content in the diet (20% CP) compared to the lower
CP content (14-16% CP) (Liu et al., 2022), which may be related to
the lower Firmicutes abundance and the higher Proteobacteria
abundance in the small intestine of pigs. However, no significant
differences were observed in the small intestinal microbiota among
different CP content groups during 10-20kg and 20-30kg BW stages,
which may be because of the small intestinal maturation of Huanjiang
mini-pigs during the latter two BW stages.

At the genus level, Lactobacillus is one of the major genera in the
small intestine of growing pigs. Lactobacillus and Bifidobacteria
ferment carbohydrates into lactic acid and improve intestinal health
(Kleerebezem et al., 2003; Fukuda et al., 2011). In the present study,
16% CP content in the diet increased the Lactobacillus abundance in
the jejunum and ileum of pigs compared to the 20 and 22% CP
contents, indicating that moderate protein restriction might increase
beneficial bacteria in the small intestine and optimize the structure of
the small intestinal microbiota. Streptococcus is also a member of lactic
acid bacteria and participates in amino acid utilization (Neis et al.,
2015), but some of these bacterial species are potential pathogens that
adversely affect body health (Fortomaris et al., 2006; Chen et al.,
2018). We found that the 14, 16, and 18% CP contents in diets lowered
the relative abundance of Streptococcus in the ileum compared to the
20% CP content at 5-10 BW stage, which may be related to their
insufficient protein substrates required for fermentation. In addition,
16% CP content in the diet also lowered the relative abundance of
Sphingomonas than the 18 and 22% CP contents, whereas
Sphingomonas was also lower in the 14, 16, and 20% CP content
groups than in the 22% CP content group. Sphingomonas and
Pelomonas are both harmful bacteria, indicating that excessive dietary
CP content in diets could increase the relative abundance of harmful
bacteria in the small intestine of pigs.

Intestinal microbiota can produce abundant metabolites, which
participate in the intestinal physiological function and modulate the
metabolic activities of the host (Schroeder and Backhed, 2016). In
addition, intestinal microbiota-derived metabolites are the key host-
microbiota interaction intermediates products and have various
physiological functions to maintain the host’s health (Koh and
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Bickhed, 2020). It has been demonstrated that dietary intervention
significantly affects the composition and abundance of the intestinal
microbiota (Cameron-Smith et al., 2020). Through functional
prediction of the gut microbiota, it was found that a low-protein
content in diets increased the gut microbial metabolic activity in pigs
because the gut microbiota genes with different CP content in diets
were mainly enriched in “metabolic pathways” (Wang et al., 2020). In
the present study, different CP content in diets revealed several
differential metabolite differences in the small intestinal sites. For
instance, compared with the 14% CP content in the diet at 5-10kg BW
stage, differential metabolites related to lipids and lipid-like molecules,
of which four steroidal metabolites were changed, eventually affecting
the steroid hormone biosynthesis pathway in the jejunum when diets
consisted of 20% CP. Compared to the 14% CP content in the diet,
20% CP content in the diet enhanced 111 differential metabolites in
the ileum, most of which were amino acids. These dozens of
differential metabolites were involved in phenylalanine metabolism,
aminoacyl-tRNA biosynthesis, phenylalanine/tyrosine/tryptophan
biosynthesis, arginine and proline metabolism, and p-alanine
metabolism pathways, and there were differences in metabolites
produced by different intestinal segments under the same
comparative method.

In addition to the intestinal tract, metabolites can also be affected
by sex, and a lower CP content in the diet has a greater impact on sow
metabolism (Tao et al., 2021). However, no differential metabolic
pathways were detected in the jejunum and ileum of pigs when the
pigs were feeding a diet containing 20% CP compared to the pigs fed
a diet containing 22% CP in the present study, possibly because of
their small differences in protein content. Moreover, at 10-20kg BW
stage, the histidine metabolism in the jejunum and primary bile acid
biosynthesis pathway in the ileum were enriched when the pigs were
fed a diet containing 16% CP compared to the 20% CP. Moreover,
several pathways were detected related to amino acid metabolism at
20-30kg BW stage, especially when the 12% CP content was
compared with the 18% CP content; multiple amino acid metabolism
pathways, such as arginine and proline metabolism, phenylalanine
metabolism, aminoacyl-tRNA biosynthesis, and phenylalanine/
tyrosine/tryptophan biosynthesis were affected in the ileum. These
findings suggest that lower CP content in diets had better effects on
beneficial intestinal metabolite enrichment at the early growth stage
of Huanjiang mini-pigs, which also supports the intestinal microbiota
modulation of young pigs in the present study.

Conclusion

Based on the findings obtained in the present study, lower CP
content in diets (especially 16% CP content in the diet) showed
beneficial effects on the intestinal health of piglets by increasing the
relative abundances of beneficial bacteria (i.e., Firmicutes and
Lactobacillus) and decreasing the pathogenic bacteria (i.e.,
Sphingomonas and Pelomonas) in the small intestine of Huanjiang
mini-pigs at the early growth stage (5-10kg BW). Moreover, lower CP
content in diets was also beneficial for intestinal metabolome profiles,
particularly amino acid metabolism in the small intestine of pigs.
Although higher CP content in diets showed the potential risk for
piglets at the early growth stage; however, the potential risk was
diminished after maturing the gut of piglets. These findings suggest
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the optimal CP content of 16% in the diet for Huanjiang mini-pigs at
the early growth stage (5-10kg BW).

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found at the Science Data Bank under
accession number https://doi.org/10.57760/sciencedb.16749 and
Supplementary Tables S4-S7 under accession number https://
figshare.com/articles/dataset/Supplementary_Tables_S4-7_zip/
25587057.

Ethics statement

The study was conducted according to the Chinese guidelines for
animal welfare and experimental protocols and was approved by the
Animal Care and Use Committee of the Institute of Subtropical
Agriculture, Chinese Academy of Sciences (No. ISA-2019-4-29). The
study was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

YL: Formal analysis, Investigation, Visualization, Writing - original
draft, Writing - review & editing. MA: Formal analysis, Investigation,
Methodology, Writing — original draft, Writing - review & editing. XZ:
Formal analysis, Investigation, Methodology, Writing - review &
editing. XK: Conceptualization, Funding acquisition, Project
administration, Supervision, Validation, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The present
study was jointly supported by the National Key Research and
Development Project (2023YFD1301301305), Major Project of
National Natural Science Foundation of China (32394041), Foreign

References

Barba-Vidal, E., Castillejos, L., Roll, V. E B., Cifuentes-Orjuela, G., Moreno
Mufoz, J. A., and Martin-Orte, S. M. (2017). The probiotic combination of
Bifidobacterium longum subsp. infantis CECT 7210 and Bifidobacterium animalis subsp.
lactis BPL6 reduces pathogen loads and improves gut health of weaned piglets orally
challenged with Salmonella typhimurium. Front. Microbiol. 8, 1570-1582. doi: 10.3389/
fmicb.2017.01570

Blachier, E, Beaumont, M., Andriamihaja, M., Davila, A. M., Lan, A., Grauso, M., et al.
(2017). Changes in the luminal environment of the colonic epithelial cells and
physiopathological consequences. Am. J. Pathol. 187, 476-486. doi: 10.1016/j.
ajpath.2016.11.015

Cameron-Smith, D., D'souza, R. E, Knowles, S. O., Mckenzie, E. J., Milan, A. M.,
Mitchell, S. M., et al. (2020). A period of 10 weeks of increased protein consumption
does not alter faecal microbiota or volatile metabolites in healthy older men: A
randomised controlled trial. J. Nutr. Sci. 9:¢25. doi: 10.1017/jns.2020.15

Chen, X., Song, P.,, Fan, P, He, T, Jacobs, D., Levesque, C. L., et al. (2018).
Moderate dietary protein restriction optimized gut microbiota and mucosal barrier
in growing pig model. Front. Cell. Infect. Microbiol. 8, 246-260. doi: 10.3389/
fcimb.2018.00246

Frontiers in Microbiology

10.3389/fmicb.2024.1398919

Young Talent Program of Ministry of Science and Technology
(E2600201), Future Partner Special Network Fund of the Chinese
Academy of Sciences (092GJHZ2022044FN), and Production and
Research Talent Support Project of the CAS Wang Kuancheng
Initiative Talent Program.

Acknowledgments

The authors thank the staff and postgraduate students from the
Hunan Provincial Key Laboratory of Animal Nutritional Physiology
and Metabolic Process for collecting samples and technicians from the
CAS Key Laboratory of Agro-ecological Processes in Subtropical
Region for providing technical assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the peer
review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1398919/
full#supplementary-material

National Research Council. Nutrient requirements of swine: 11th ed. Washington, DC:
The National Academies Press, (2012).

Fortomaris, P. D., Houdijk, J. G. M., Kyriazakis, L., and Wellock, I. J. (2006). The effect
of dietary protein supply on the performance and risk of post-weaning enteric disorders
in newly weaned pigs. Anim. Sci. 82, 327-335. doi: 10.1079/ASC200643

Fukuda, S., Toh, H., Hase, K., Oshima, K., Nakanishi, Y., Yoshimura, K., et al. (2011).
Bifidobacteria can protect from enteropathogenic infection through production of
acetate. Nature 469, 543-547. doi: 10.1038/nature09646

Hou, L., Wang, L., Qiu, Y, Xiong, Y., Xiao, H., Yi, H,, et al. (2021). Effects of protein
restriction and subsequent realimentation on body composition, gut microbiota and
metabolite profiles in weaned piglets. Animals 11:686. doi: 10.3390/ani11030686

Tjaz, M. U,, Ahmed, M. I, Zou, X., Hussain, M., Zhang, M., Zhao, E, et al. (2018). Beef,
casein, and soy proteins differentially affect lipid metabolism, triglycerides accumulation
and gut microbiota of high-fat diet-fed C57BL/6] mice. Front. Microbiol. 9:2200. doi:
10.3389/fmicb.2018.02200

Kandasamy, S., Chattha, K. S., Vlasova, A. N., Rajashekara, G., and Saif, L. J. (2014).
Lactobacilli and Bifidobacteria enhance mucosal B cell responses and differentially

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1398919
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.57760/sciencedb.16749
https://figshare.com/articles/dataset/Supplementary_Tables_S4-7_zip/25587057
https://figshare.com/articles/dataset/Supplementary_Tables_S4-7_zip/25587057
https://figshare.com/articles/dataset/Supplementary_Tables_S4-7_zip/25587057
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1398919/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1398919/full#supplementary-material
https://doi.org/10.3389/fmicb.2017.01570
https://doi.org/10.3389/fmicb.2017.01570
https://doi.org/10.1016/j.ajpath.2016.11.015
https://doi.org/10.1016/j.ajpath.2016.11.015
https://doi.org/10.1017/jns.2020.15
https://doi.org/10.3389/fcimb.2018.00246
https://doi.org/10.3389/fcimb.2018.00246
https://doi.org/10.1079/ASC200643
https://doi.org/10.1038/nature09646
https://doi.org/10.3390/ani11030686
https://doi.org/10.3389/fmicb.2018.02200

Liu et al.

modulate systemic antibody responses to an oral human rotavirus vaccine in a
neonatal gnotobiotic pig disease model. Gut Microbes 5, 639-651. doi:
10.4161/19490976.2014.969972

Kleerebezem, M., Boekhorst, J., Van Kranenburg, R., Molenaar, D., Kuipers, O. P.,
Leer, R., et al. (2003). Complete genome sequence of Lactobacillus plantarum WCFS1.
Proc. Natl. Acad. Sci. USA 100, 1990-1995. doi: 10.1073/pnas.0337704100

Koh, A., and Bickhed, F. (2020). From association to causality: The role of the gut
microbiota and its functional products on host metabolism. Mol. Cell 78, 584-596. doi:
10.1016/j.molcel.2020.03.005

Lee, J., Gonzélez-Vega, J. C., Htoo, J. K., Yang, C., and Nyachoti, C. M. (2022). Effects
of dietary protein content and crystalline amino acid supplementation patterns on
growth performance, intestinal histomorphology, and immune response in weaned pigs
raised under different sanitary conditions. J. Anim. Sci. 100:skac 285. doi: 10.1093/jas/
skac285

Liu, Y., Azad, M. A. K., Zhao, X., Zhu, Q,, and Kong, X. (2022). Dietary crude protein
levels alter diarrhea incidence, immunity, and intestinal barrier function of Huanjiang
mini-pigs during different growth stages. Front. Immunol. 13:908753. doi: 10.3389/
fimmu.2022.908753

Liu, Y., Azad, M. A. K., Zhao, X., Zhu, Q,, and Kong, X. (2023). Dietary protein levels
modulate the antioxidant capacity during different growth stages in Huanjiang mini-
pigs. Antioxidants 12:148. doi: 10.3390/antiox12010148

Matamoros, S., Gras-Leguen, C., Le Vacon, E, Potel, G., and De La Cochetiere, M. F
(2013). Development of intestinal microbiota in infants and its impact on health. Trends
Microbiol. 21, 167-173. doi: 10.1016/j.tim.2012.12.001

Ministry of Agriculture of the People’s Republic of China. Feeding standard of swine
(GB, NY/T 65-2004). Beijing: China Agriculture Press. (2004).

Neis, E. P.]. G., Dejong, C. H. C., and Rensen, S. S. (2015). The role of microbial amino
acid metabolism in host metabolism. Nutrients 7, 2930-2946. doi: 10.3390/nu7042930

Pieper, R., Kroger, S., Richter, J. E, Wang, J., Martin, L., Bindelle, J., et al. (2012).
Fermentable fiber ameliorates fermentable protein-induced changes in microbial
ecology, but not the mucosal response, in the colon of piglets. J. Nutr. 142, 661-667. doi:
10.3945/jn.111.156190

Portune, K. J., Beaumont, M., Davila, A. M., Tomé, D., Blachier, E, and Sanz, Y. (2016).
Gut microbiota role in dietary protein metabolism and health-related outcomes: The
two sides of the coin. Trends Food Sci. Technol. 57, 213-232. doi: 10.1016/].
tifs.2016.08.011

Frontiers in Microbiology

17

10.3389/fmicb.2024.1398919

Schroeder, B. O., and Bickhed, F. (2016). Signals from the gut microbiota to distant
organs in physiology and disease. Nat. Med. 22, 1079-1089. doi: 10.1038/nm.4185

Tao, X., Deng, B., Yuan, Q., Men, X., Wu, J., and Xu, Z. (2021). Low crude protein diet
affects the intestinal microbiome and metabolome differently in barrows and gilts. Front.
Microbiol. 12:717727. doi: 10.3389/fmicb.2021.717727

Wang, D., Chen, G., Song, L., Chai, M., Wang, Y., Shui, S., et al. (2020). Effects of
dietary protein levels on Bamei pig intestinal colony compositional traits. BioMed. Res.
Int. 2020, 1-9. doi: 10.1155/2020/2610431

Wang, X.X., Pan, Q, Ma, E, Li, P. ], Xu, B. C,, and Chen, C. G. (2019). Amelioration
of growth performance, lipid accumulation, and intestinal health in mice by a cooked
mixture of lean meat and resistant starch. Mol. Nutr. Food Res. 63:e1801364. doi:
10.1002/mnfr.201801364

Wang, X., Tsai, T, Deng, E, Wei, X., Chai, J., Knapp, J., et al. (2019). Longitudinal
investigation of the swine gut microbiome from birth to market reveals stage and growth
performance associated bacteria. Microbiome 7, 109-127. doi: 10.1186/
540168-019-0721-7

Wang, Y., Zhou, J., Wang, G., Cai, S., Zeng, X., and Qiao, S. (2018). Advances in low-
protein diets for swine. J. Anim. Sci. Biotechnol. 9:60. doi: 10.1186/540104-018-
0276-7

Xia, J., Fan, H., Yang, J., Song, T., Pang, L., Deng, H., et al. (2022). Research progress
on diarrhoea and its mechanism in weaned piglets fed a high-protein diet. J. Anim.
Physiol. Anim. Nutr. 106, 1277-1287. doi: 10.1111/jpn.13654

Yu, D., Zhu, W, and Hang, S. (2019). Effects of long-term dietary protein restriction
on intestinal morphology, digestive enzymes, gut hormones, and colonic microbiota in
pigs. Animals 9:180. doi: 10.3390/ani9040180

Zhang, C.J., Yu, M., Yang, Y. X., Mu, C. L., Su, Y., and Zhu, W. Y. (2020). Effect of early
antibiotic intervention on specific bacterial communities and immune parameters in the
small intestine of growing pigs fed different protein level diets. Animal 14, 2042-2053.
doi: 10.1017/S1751731120001044

Zhao, X., Liu, Y., Ding, H., Huang, P, Yin, Y, Deng, J., et al. (2021). Effects of different
dietary protein levels on the growth performance, serum biochemical parameters, fecal
nitrogen, and carcass traits of Huanjiang mini-pigs. Front. Vet. Sci. 8:777671. doi:
10.3389/fvets.2021.777671

Zhou, L., Fang, L., Sun, Y., Su, Y., and Zhu, W. (2016). Effects of the dietary protein
level on the microbial composition and metabolomic profile in the hindgut of the pig.
Anaerobe 38, 61-69. doi: 10.1016/j.anaerobe.2015.12.009

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1398919
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.4161/19490976.2014.969972
https://doi.org/10.1073/pnas.0337704100
https://doi.org/10.1016/j.molcel.2020.03.005
https://doi.org/10.1093/jas/skac285
https://doi.org/10.1093/jas/skac285
https://doi.org/10.3389/fimmu.2022.908753
https://doi.org/10.3389/fimmu.2022.908753
https://doi.org/10.3390/antiox12010148
https://doi.org/10.1016/j.tim.2012.12.001
https://doi.org/10.3390/nu7042930
https://doi.org/10.3945/jn.111.156190
https://doi.org/10.1016/j.tifs.2016.08.011
https://doi.org/10.1016/j.tifs.2016.08.011
https://doi.org/10.1038/nm.4185
https://doi.org/10.3389/fmicb.2021.717727
https://doi.org/10.1155/2020/2610431
https://doi.org/10.1002/mnfr.201801364
https://doi.org/10.1186/s40168-019-0721-7
https://doi.org/10.1186/s40168-019-0721-7
https://doi.org/10.1186/s40104-018-0276-7
https://doi.org/10.1186/s40104-018-0276-7
https://doi.org/10.1111/jpn.13654
https://doi.org/10.3390/ani9040180
https://doi.org/10.1017/S1751731120001044
https://doi.org/10.3389/fvets.2021.777671
https://doi.org/10.1016/j.anaerobe.2015.12.009

	Crude protein content in diets associated with intestinal microbiome and metabolome alteration in Huanjiang mini-pigs during different growth stages
	Introduction
	Materials and methods
	Animals, management, and diets
	Sample collection
	Bacterial DNA extraction
	16S rRNA gene amplicon sequencing
	Sequence analysis
	Bioinformatics analysis
	UPLC–MS analysis for intestinal metabolites
	Statistical analysis

	Results
	Effects of different CP content in diets on the small intestinal microbiota community
	Effects of different CP content in diets on the small intestinal microbiota diversity
	Effects of different CP content in diets on the small intestinal microbial community composition
	Effects of different CP content in diets on metabolic capability profiles of the small intestinal microbiota
	Effects of different CP content in diets on the small intestinal metabolome profile
	Effects of different CP content in diets on differential metabolites in the small intestinal contents
	Effects of different CP content in diets on the intestinal metabolome metabolism pathways

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

