Wang et al. Chem. Biol. Technol. Agric. (2024) 11:76 Chemica| and Biological
https://doi.org/10.1186/s40538-024-00593-x . . gt
Technologies in Agriculture

.. . . . ®
Changes in intestinal microbiota, P

immunity and metabolism caused by mixed
Lactiplantibacillus plantarum and Bacillus
subtilis-fermented feed in Bamei pigs

Lei Wang'", Jun Chen?!, Jianbo Zhang', Fafang Xu?, Xuan Luo', Huili Pang?, Miao Zhang?, Yaoke Duan?,
Yimin Cai**", Guofang Wu'" and Zhongfang Tan?"

Abstract

Background The Chinese pig breed Bamei faces numerous challenges, such as antibiotic abuse, feed shortages,
weaning stress, low immunity and disease resistance after weaning. Probiotic-fermented feed is an ideal profile

that can improve the intestinal microbiota, promote the digestion and absorption of nutrients, and improve immu-
nity. However, the combined effect of long-term intake of probiotic-fermented feeds on the intestinal microbiota,
intestinal metabolic profiles, and immunity in pigs is not well understood. Here, we investigated the effects of feeding
basal feed, Lactiplantibacillus-fermented feed, Bacillus subtilis-fermented feed, mixed-fermented feed, and antibiotic-
added feed for 100 days on the gut microbiota, immunity, and metabolism of Bamei pigs after feeding five different
fermented feeds by using 165 rDNA high-throughput sequencing, enzyme-linked immunoassay, and untargeted
metabolomics, respectively.

Results 165 rDNA sequencing revealed that after the piglets were fed five different feeds for 50 days, the structure
of the intestinal microbiota of the Bamei pigs was significantly altered, and feeding the mixed Lactiplantibacillus

(L) plantarum and Bacillus (B.) subtilis-fermented feed not only increased the a-diversity of the intestinal microbiota
and the relative abundance of Lactobacillus, but also suppressed the growth of the conditional pathogens, Clostridium
and Streptococcus. The Sobs and Shannon indices were significantly lower (p <0.05) on Day 10 in Group A, which
was fed feed supplemented with antibiotics. Feeding mixed-fermented feed not only significantly increased the pro-
duction of anti-inflammatory cytokines, but also significantly decreased the production of several proinflamma-

tory cytokines and inhibited the TLR4/MyD88/NF-kB inflammatory-related signaling pathway (p <0.05), even more
so than antibiotics. The results of untargeted metabolomics showed that feeding mixed-fermented feed improved
the metabolism of Bamei pigs by increasing the content of narceine and alpha-cephalin; promoting bile secretion;
and facilitating the synthesis of phenylalanine, tyrosine, and steroid hormones. ATP-binding cassette (ABC) transport-
ers were significantly enriched in the antibiotic group.
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Conclusion The mixed L. plantarum QP28-1a and B. subtilis QB8a-fermented feed not only improved the intestinal
microbiota structure and metabolic profiles and regulated the metabolic pathways of tryptophan, phenylalanine,
and steroid hormone biosynthesis, but also improved the immunity of Bamei pigs. This research provides an ideal,
healthful, and environmentally sustainable approach for Bamei pig breeding and conservation.
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Background

Bamei pigs (Sus scrofa) are mainly distributed in the
western provinces of China, such as Qinghai and Gansu,
and are favored by the local people for their outstanding
traits, delicious meat, strong environmental adaptability,
and tolerance of coarse feeding [1, 2]. However, currently,
Bamei pigs are facing many challenges, including a lack of
feed, high costs for transportation and storage, high-cold
and high-altitude growing environments, excessive use
of antibiotics, weaning stress, and the weak resistance of
piglets, which can lead to weight loss, diarrhea, and even
death [3-6]. In particular, weaning stress causes intestinal
disorders, low feed intake, low immunity, diarrhea and
other problems, and growth performance significantly
decreases, which seriously threatens the healthy growth
of piglets [7]. To alleviate weaning stress, antibiotics are
often added to piglet nursery feeds to stimulate the estab-
lishment of the immune system, improve antimicrobial
resistance, and promote the growth of piglets, but the
overuse of antibiotics also causes serious problems such

as the increased resistance of pathogens, drug residues
in meat products, and environmental pollution, which
poses a direct threat to human health [8].

Accumulated evidence indicates that probiotics and
their metabolites have a positive effect on improving
performance and preventing disease in livestock and
have the potential to replace antibiotics [9]. It has been
reported that probiotics can stabilize the gastrointesti-
nal barrier, regulate the function of intestinal microbial
homeostasis, produce antimicrobial substances, promote
the activity and absorption of digestive enzymes, regu-
late the immune system, and inhibit the ability of patho-
gens to colonize and infect mucous membranes [10]. At
the same time, probiotics also have a variety of functions
such as antioxidant, anti-inflammatory, anti-allergic and
antiviral [9], and contribute to the prevention of a vari-
ety of diseases, including diabetes, obesity, cancer, car-
diovascular disease and inflammatory bowel disease [11].
Therefore, the application of probiotics in the animal
feeding industry has long-term development prospects.
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Probiotic-fermented feed not only improves the absorp-
tion level of feed nutrients and the degradation of antinu-
tritional factors and toxic and hazardous substances that
may exist in the feed, but also promotes animal growth,
maintains the microecological balance of the intestinal
tract, and improves the immunity of animals [12, 13]. The
most widely used probiotics in animal breeding mainly
include lactic acid bacteria (LAB), Bacillus, and yeast
[14]. The main effects of LAB-fermented feed on pig-
lets include a. Improving the microecological environ-
ment of the digestive tract and maintaining the balance
of the gastrointestinal microbiota. After the fermented
feed containing LAB enters the gastrointestinal tract, a
large number of live bacteria become dominant and grow
and colonize rapidly, and the interaction of the flora is
conducive to inhibiting the growth of harmful flora and
ensuring the microecological balance of the gastroin-
testinal tract [15]. b Providing more nutrients, aromatic
odor and good palatability. LAB-fermented feeds can
produce organic acids, which cause the fermented feed
to have an acidic flavor. Some organic acids can par-
tially remove antinutritional factors in feeds [16], reduce
the content of phytic acid and crude fiber, and increase
the palatability of feeds [17]. ¢ Increasing immunity in
weaned piglets and enhancing disease resistance. Lactic
acid produced by LAB can reduce the redox potential
and pH in the intestinal tract, and some harmful bacteria
gradually die due to changes in the internal environment
to prevent disease [18]. On the other hand, as a nonspe-
cific immunomodulator, it can promote the formation of
the immune system in the gastrointestinal tract, regulate
the expression of immune-related cytokines, increase the
level of antibodies in animals, and kill invading patho-
gens, thus enhancing the resistance of animals to vari-
ous diseases, and decreasing morbidity and mortality
rates [19]. Fermented feed supplemented with B. subti-
lis can produce extracellular enzymes such as protease,
cellulase, and amylase, which are beneficial for degrad-
ing large-molecule nutrients, such as proteins, polysac-
charides, and fats in feed that are difficult for animals to
absorb; thus, these enzymes increase digestibility, pro-
mote the absorption of nutrients in the intestinal tract,
and promote the growth of the animals [20].

16S rRNA high-throughput sequencing technol-
ogy is an efficient method for studying the structural
composition of the intestinal microbiota. Bacteria
have conserved and variable regions spaced in the 16S
rRNA gene, and the taxonomic characteristics of each
bacterium and the relationships between bacteria
can be obtained after the high-throughput sequenc-
ing of the 16S rRNA of bacteria [21]. Metabolomics is
a systematic biological method for the qualitative and
quantitative detection and analysis of small-molecule
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metabolites in organisms using mass spectrometry,
high-performance liquid chromatography (HPLC), and
nuclear magnetic resonance (NMR) [22]. Metabolomics
is applicable to the statistical analysis of endogenous
and exogenous metabolites and metabolic pathways
in organisms, and can effectively and rapidly capture
subtle differences in metabolite changes in biological
organisms, moreover, it has been widely used in the
fields of drug discovery and development [23], dis-
ease control [24], and toxicity evaluation [25] and has
become an important research tool in the agricultural
and animal husbandry industries.

Considering previous studies on the positive effects
of probiotics on the gut, immunity, and metabolism,
we hypothesized that feeding Bamei pigs probiotic-fer-
mented feeds improved the gut microbiota, immunity,
and metabolic profile. Despite numerous studies dem-
onstrating the benefits of probiotic-fermented feeds, the
combined effects of the long-term feeding of probiotic-
fermented feeds on the intestinal microbiota, immunity,
and metabolic profiles of weaned Bamei pigs are not
clearly understood. In this study, 16S high-throughput
sequencing technology, metabolomics and enzyme
immunoassay were combined to analyze the effects of
feeding fermented feeds supplemented with potential
probiotics on the structure of the intestinal microbiota,
intestinal health, immunity, metabolic pathways and
metabolite variability of newly weaned Bamei pigs, aim-
ing to investigate the influence and mechanisms of mixed
L. plantarum QP28-1a and B. subtilis QB8a fermented
feeds on the intestinal microbiota, immunity, metabo-
lism and health of Bamei pigs, as well as to provide part
of the theoretical basis for the breeding of Bamei pigs, the
replacement of antibiotics with probiotics, and the pro-
tection of Bamei pig breeds.

Materials and methods

Strains and fermentation

L. plantarum QP28-1la and B. subtilis QB8a for fer-
mented feeds were supplied by the Ion Beam Bioengi-
neering Laboratory of Zhengzhou University. The strains
were isolated and screened from the feces of Bamei
pigs on the Tibetan Plateau. L. plantarum QP28-1a has
broad-spectrum bacteriostatic activity, high acid-produc-
ing capacity and good tolerance [26], and B. subtilis QB8a
possesses broad-spectrum bacteriostatic activity and
high cellulase activity.

Basal feed: The basal feeds were prepared with refer-
ence to the “Pig Feed Standard NY/T 65-2004” prom-
ulgated by the Chinese Ministry of Agriculture and the
method of Wu et al. [2]. The materials and nutritional
levels are shown in Table 1.
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Table 1 Ingredient composition and nutrient of the basal feed

Material (w/w %) Nutrition level?

Premix’ 1 Metabolizable energy (kcal/kg) 3085
Lysine 0.16 Methionine (%) 0.22
Dicalcium phosphate  0.32 Available phosphorus (%) 0.23
Salt 0.52 Total phosphorus (%) 047
Rape stalk 0.83 Ca (%) 0.60
Stone powder 1.15 Lysine (%) 0.75
Soybean oil 2.58 Crude protein (%) 14.00
Rapeseed meal 4.10

Alfalfa silage 10.50

Wheat bran 14.51

Soybean meal 11.15

Corn 53.15

" Premix provided per kilogram of diet: VA 16000 IU, VD 33000 IU, VE 35 mg, VK
33 mg, VB 12.5 mg, VB 26 mg, VB 63 mg, VB 120.25 mg, Nicotinic acid 25 mg,
pantothenic acid 15 mg, biotin 0.15 mg, Cu 150 mg, Fe 80 mg, Zn 80 mg, Mn
10 mg, Se 0.2 mg

2 Nutrient levels were measured by near-infrared reflectance spectroscopy

Table 2 Trial grouping and addition of bacteria or antibiotics

Group Feed formula Concentration of additive

CK Basal feed -

L Basal feed + L. plantarum QP28-1a 1% 10° CFU/g

B Basal feed +B. subtilis QB8a 1x10° CFU/g

MIX Basal feed + L. plantarum QP28- 1x10° CFU/g (1:1)
1a+B. subtilis QB8a

A Basal feed + Aureomycin (antibi- 50 mg/kg
otic)

Antibiotic feed: Fifty milligrams of Aureomycin was
added to each kg of basal feed to obtain antibiotic feed, as
shown in Table 2.

Fermented feed: Fifty kilograms of water was added to
every 100 kg of basal feed, and different bacterial solu-
tions were added according to the grouping in Table 2,
mixed well, packed into 100-L plastic buckets, and then
sealed. The Bamei pigs were fed after fermentation for
7 days at room temperature (15-25 °C). Three tons of
each kind of feed were prepared. The total number of
days of the fermentation cycle of the feeds was 107 days,
and the Bamei pigs were fed for 100 days and then
slaughtered.

Animals and experimental design

The feeding trial was carried out with 60 crossbred
30-day-old Bamei pigs (DurocxLong White X Bamei)
with similar genetic backgrounds and an initial weight of
approximately 10 kg. All 60 Bamei pigs were randomly
assigned to five treatment groups (n=12) according to
Table 2. The control check (CK) group was fed basal feed;
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Group L was fed L. plantarum QP28-1a-fermented feed;
Group B was fed B. subtilis QB8a-fermented feed; Group
MIX was fed a mixed-fermented feed (the ratio of strains
added was 1:1), and Group A was fed antibiotic feed. The
piglets were numbered and vaccinated after deworming,
and the pens were cleaned and disinfected regularly.

The whole feeding trial lasted for 100 days, and the
Bamei pigs were given free access to water during the
trial. The pigs were fed four times a day at 8:00, 11:00,
15:00, and 19:00, and the feed intake and feed residue
were recorded for each treatment group, using the small
amount of feed remaining as a criterion for feed intake.
The feces of all groups were collected on the 10th and
50th days of the feeding trial, and nine tubes of fresh
fecal samples were collected from each treatment group
for high-throughput sequencing analysis and microbiol-
ogy and metabolomics analysis. After 100 days of feed-
ing, the pigs were slaughtered and nine tubes of spleen
samples were collected from each treatment group for
the detection of immune-related cytokine production.
All the samples were stored in an ultralow temperature
refrigerator at — 80 °C for later use.

Extraction of fecal genomic DNA and sequencing of 16S
rDNA

To investigate the effect of feeding five different feeds
on the intestinal microbiota of Bamei pigs, the high-
throughput sequencing of fecal samples after 10 and
50 days of feeding was performed, with three fecal sam-
ples randomly selected from each treatment group. Total
genomic DNA was extracted from the fecal samples of
Bamei pigs using a DNA Kit D3350-02 (Omega Biotek,
Norcross, GA, USA). After checking the quality of the
extracted DNA using a NanoDrop" 2000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA),
the 16S rDNA V3-V4 variable region of the fecal samples
was amplified according to the method of Wang et al.
[27], using primers 338F (5'-ACTCCTACGGGGAGG
CAGCAG-3’) and 806R (5'-GGACTACHVGGGTWT
CTAAT-3"). PCR products were purified, quantified
and then analyzed by sequencing using Illumina’s MiSeq
PE300 platform (Shanghai Majorbio Biopharm Technol-
ogy Co. Ltd,, China).

Sequence analysis of high-throughput sequencing of fecal
samples

The sequencing data were analyzed using FastQC soft-
ware (http://www.bioinformatics.babraham.ac.uk/proje
cts/fastqc/, accessed on 16 October 2023), and then
the FLASH software FLASH (http://ccb.jhu.edu/softw
are/FLASH/, accessed on 25 October 2023) was used
to assemble the clean reads into contigs. Low-quality
sequences were removed using QIIME software (version
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1.9.1, the Knight and Caporaso laboratories, Univer-
sity of Colorado, USA). Sequences were clustered into
operational taxonomic units with 97% similarity using
Uparse (version 7.0.1001; https://drive5.com/uparse/,
accessed on 16 October 2023) and operational taxo-
nomic units (OTUs) were obtained [28]. The Silva Data-
base (http://www.arb-silva.de/, accessed on 21 October
2023) was used to annotate taxonomic information [29].
The a-diversity index and B-diversity were calculated and
analyzed using Mothur software (http://www.mothur.
org, accessed on 16 October 2023) and QIIME software
(version 2.15.3). Linear discriminant analysis (LEfSe) was
performed using Python software (version 2.7, https://
www.python.org/, accessed on 26 October 2023) to iden-
tify species that differed significantly between treatments.

Evaluation of immunity in Bamei pigs

To assess the effects of five different diets on the immu-
nity of Bamei pigs, nine immune-related cytokines or
receptor proteins, namely, interleukin 2 (IL-2), interleu-
kin 10 (IL-10), interleukin 1f (IL-1p), interferon y (INF-
Y), tumor necrosis factor a (TNF-a), Toll-like receptor
2 (TLR2), myeloid differentiation factor 88 (MyD88),
Toll-like receptor 4 (TLR4), and nuclear factor kappa B
(NF-KB), were selected as indicators of immunity. All 60
pigs were slaughtered after 100 days of feeding different
diets, and the spleens of nine individual pigs from each
treatment group were randomly sampled, for a total of 45
spleen samples. The spleen samples were cut into small
pieces and stored in sterile tubes frozen in liquid nitro-
gen. Five spleen samples were randomly selected from
each treatment group (n=5/group) and assayed for the
production of immune-related cytokines and receptor
proteins using ELISA kits (Beijing Dogesce Biotechnol-
ogy Co., Ltd., Beijing, China) according to the methods of
Liu et al. [30].

Preparation of samples for nontargeted metabolomics
analysis

To compare the effects of feeding different diets on fecal
metabolites in Bamei pigs, a total of 20 samples (n=4/
group) from Day 50 were analyzed using ultra-per-
formance liquid chromatography—tandem mass spec-
trometry (UPLC-MS/MS, UHPLC-Q Exactive HF-X,
Thermo Fisher, MA, USA). Fifty milligrams of Bamei
pig fecal sample was accurately weighed in a 2-mL
sterile centrifuge tube. One 6-mm-diameter grinding
bead was added, and then 400 uL of extraction solu-
tion (methanol:water =4:1) was added for the extraction
of metabolites from the fecal samples, which contained
0.02 mg/mL L-2-chlorophenylalanine as an internal
standard. The fecal sample solution was placed in a fro-
zen tissue grinder for 6 min (— 10 °C, 50 Hz) and then
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placed at low temperature for ultrasonic extraction (5 °C,
40 kHz). The sample was then centrifuged at — 20 °C
for 30 min to precipitate the proteins. The sample was
then centrifuged in a high-speed centrifuge for 15 min
(4 °C, 13,000 g), and the supernatant was pipetted into
the injection vials for analysis using a UPLC-MS/MS
platform.

UHPLC-MS/MS analysis
Chromatographic conditions: The sample injection vol-
ume was 3 pL, and a 100 mm X 2.1 mm i.d., 1.8 ym HSS
T3 column was used. Mobile phase A was 95% water +5%
acetonitrile (containing 0.1% formic acid), and mobile
phase B was 47.5% acetonitrile+47.5% isopropanol+5%
water (containing 0.1% formic acid). The column temper-
ature was set at 40 °C, and the flow rate was 0.40 mL/min.
Mass spectrometry conditions: Positive and negative
ion scanning modes were used, with the mass scanning
range set to 70-1050 m/z. The auxiliary gas flow rate
was set to 13 psi. The sheath gas flow rate was set to 50
psi, and the auxiliary gas heating temperature was set to
425 °C. The positive-mode ion spray voltage was set to
3500 V, and the negative-mode ion spray voltage was set
to — 3500 V. The normalized collision energies were set
to 20-40-60 V, and the cyclic collision energy was set.
The resolution of the primary mass spectrometer was
set to 60,000; the resolution of the secondary mass spec-
trometer was set to 7500, and the data were collected in
DDA mode.

Metabolomics data analysis

The UPLC-MS/MS data were imported into the metab-
olomics software Progenesis QI (Waters Corporation,
Milford, USA) for baseline filtering, peak identification,
integration, retention time correction, peak alignment,
etc., and then a data matrix was obtained, which con-
sisted of the retention time (RT), mass-to-charge ratio
(m/z), and peak intensity. These metabolites were sub-
sequently annotated using HMDB (http://www.hmdb.
ca/, accessed on 25 November 2023), the KEGG database
(http://www.genome.jp/kegg/, accessed on 3 November
2023), Metlin (https://metlin.scripps.edu/, accessed on
11 November 2023), and the self-constructed database of
Shanghai Meiji Biological Co. The matched metabolome
data matrix was uploaded to the Meiji cloud platform
(cloud.majorbio.com, accessed on 22 November 2023) for
metabolomics analysis. The criteria for screening differ-
entially abundant metabolites included the following: 1.
metabolites with a VIP >1 in the OPLS-DA model were
considered significant; 2. FC>2, i.e., metabolites with
a onefold or greater difference between the control and
experimental groups were considered significant; and
3. p-value<0.05. Metabolite cluster analysis, Spearman
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correlation analysis of differentially abundant metabolites
with environmental factors were performed using R 4.0.1
software.

Statistics and analysis

IBM SPSS 22.0 (Chicago, IL, USA) was used to calculate
and analyze the data. Significant differences between
treatment groups were analyzed by one-way ANOVA
using Tukey’s post hoc multiple comparisons method,
with p<0.05 and p <0.01 indicating significant and highly
significant differences, respectively, whereas p>0.05 indi-
cated that no significant differences existed. The experi-
ments for each sample were carried out using three to
five repeats, and the calculated and measured values are
expressed as the mean + standard deviation.

Results

Effects of different feeds on gut microbial diversity

of Bamei pigs

The high-throughput gene sequencing of 16Sr RNA in
fecal bacterial DNA on Days 10 and 50 was performed
to compare the effects of different feeds on the struc-
ture of the intestinal microbiota of the Bamei pigs. The
number of reads per sample in the raw data was not less
than 3.86x 10°, and after quality control, the sequences
were clustered into 1565 OTUs with 97% similarity. The
a-diversity of the bacterial community was assessed
using the Sobs index and Shannon index. After the feed
fermentation test lasted for 10 days, the Sobs index and
Shannon index of Group A with added antibiotics were
significantly lower (p<0.05) than those of the other
groups (Fig. 1A, B), and the diversity indices of Groups L,
B, and MIX were slightly greater than those of Group CK.
By the 50th day (Fig. 1C, D), there was no significant dif-
ference in the Sobs index between the groups, while the
Shannon index was significantly lower (p<0.05) in the
Group CK than in the other groups.

Principal component analysis (PCA) was used to vis-
ualize differences in gut bacterial community structure
and diversity between groups (Fig. 1E, F). The results
showed that after feeding five different feeds, the rep-
resentative points were significantly separated between
groups and clustered within groups, indicating that
feeding different diets significantly altered the com-
position of the bacterial microbiota in the feces of the
Bamei pigs. The results of the hierarchical clustering
analysis (Fig. 1A) of the bacterial community structure
of all fecal samples (n=30) also showed the samples
from the same treatment group clustered together,
with the different treatment groups being farther apart.
Overall, feeding fermented feeds supplemented with
potential probiotic strains increased the diversity of the
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gut microbiota in Bamei pigs, whereas feeding feeds
supplemented with antibiotics significantly decreased
the diversity of the gut microbiota.

Comparison of the gut microbial composition in Bamei
pigs

To investigate the microorganisms contained in the dif-
ferent treatment groups as well as their relative abun-
dance, community bar graphs were used to analyze the
composition of the gut microbiota at the genus level on
Days 10 and 50, as shown in Fig. 2B and C. The rela-
tive abundance of Lactobacilli was greater in Group
L (27.1%), Group B (15.1%), Group MIX (17.1%), and
Group A (59.3%) than in the Group CK (13.2%). The
relative abundance of Clostridium in Groups L, B, and
MIX was significantly lower than that in Group CK.
Streptococcus disappeared in Groups L, B, and MIX
treated with the potential probiotics. Pediococcus
(14.1%) dominated only in Group B. On Day 50, the
relative abundance of Lactobacilli was maintained at
9.6%, 9.5%, 9.5%, and 11.3% in Groups L, B, MIX, and
A, respectively, which was significantly greater than
that of the Group CK (1.3%). The relative abundance of
Streptococcus was much greater in Groups CK and A.
The relative abundance of Clostridium was greater in
Group B than in Group B on Day 10.

Linear discriminant analysis effect size (LEfSe) analy-
sis was employed to assess the relative abundance of the
fecal microbiota in the five groups. LEfSe analysis on
Day 10 revealed 32 significant taxa between the groups
(LDA > 3) (Fig. 2D). Group CK was enriched with Clostri-
diaceae and Streptococcaceae families, Clostridium_
sensu_stricto_1_group and Streptococcus genera; Group
L was enriched with Clostridiaceae family; Group B was
enriched with Pediococcus genus and Christensenel-
laceae, Eggerthellaceae and Anaerovoracaceae families;
Group MIX was enriched with Erysipelotrichaceae and
Oscillospiraceae families, Terrisporobacter, Turicibac-
ter and Romboutsia genera; Group A was enriched with
Lactobacillaceae and Coriobacteriaceae families, Col-
linsella, Prevotella and Catenibacterium genera. LEfSe
analysis on Day 50 revealed 26 significant taxa between
the groups (LDA >3) (Fig. 2E). Group CK was enriched
with Streptococcaceae family and Streptococcus genus;
Group L was enriched with Prevotella genus; Group
B was enriched with Clostridiaceae and Atopobiaceae
families, Clostridium_sensu_stricto_1, Pediococcus and
Cellulosilyticum genera; Group MIX was enriched with
Erysipelotrichaceae family, Turicibacter and Romboutsia
genera; Group A was enriched with Oscillospiraceae, and
Bifidobacteriaceae families, Bifidobacterium, Prevotel-
laceae_NK3B31_group, Blautia and Oscillospira genera.
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Fig. 1 Effect of feeding five different diets on a-diversity of the intestinal microbiota of Bamei pigs and PCA analysis. A Sobs index of OUT level
on day 10; B Shannon index of OUT level on day 10; C Sobs index of OUT level on day 50; D Shannon index of OUT level on day 50; E PCA analysis
of bacterial community on OUT level at day 10; F PCA analysis of bacterial community on OUT level at day 50
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Fig. 2 Analysis of the composition of the intestinal bacterial community of the Bamei pigs after feeding 10 and 50 days. A Hierarchical clustering
analysis of the bacterial composition of all feces samples; B bacterial taxonomic distributions and relative abundances on genus level at day 10; C
bacterial taxonomic distributions and relative abundances on genus level at day 50; D comparison of bacterial variations using LEfSe analysis at day

10; E comparison of bacterial variations using LEfSe analysis at day 50
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Effect of fermented feed on the immunity of Bamei pigs
The ELISA results showed that using the five different
feeds for 100 days significantly affected the production of
immune-related cytokines in the spleens of Bamei pigs,
as shown in Fig. 3. The production of IL-2 and IL-10
was significantly greater (»<0.05) in Groups L, B, and
MIX, which were fed fermented feeds, and in Group A,
which was fed antibiotic feed, than in Group CK, which
was fed basal feed. IL-1B, INF-y, TNF-a, TLR2, TLR4,
MyD88, and NF-kB were all lower in Groups L, B, MIX,
and A than in Group CK, and it is particularly notewor-
thy that IL-1p, INF-y, TLR2, TLR4, MyD88, and NF-«xB
were significantly lower in Group MIX than in Group CK
(p<0.05).

Comparison of the fecal metabolic profiles of Bamei pigs

The metabolic profiles of the fecal samples from each
treatment group on Day 50 were analyzed using the
UPLC-MS/MS platform. The results of total metabolome
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ion count and metabolite identification showed (Table 3)
that a total of 6599 mass spectrometry peaks were
detected and that 1663 metabolites were identified in
positive ion mode, while 8560 mass spectrometry peaks
were detected and 1113 metabolites were identified in

Table 3 Statistics of total ion number and identification of
metabolites in fecal samples of Bamei pigs after feeding 50 days

lonmode All peaks Identified Metabolites  Metabolites
metabolites in library in KEGG

pos 6599 1663 1514 866

neg 8560 1115 1076 519

(1) lon mode: the ion mode of the substance detected by the mass
spectrometer; (2) all peaks is the number of mass spectral peaks extracted by
the software; (3) identified metabolites: the number of metabolites identified
after comparing the mass spectral data with databases; (4) metabolites in
library: the number of metabolites annotated to public databases such as HMDB
and Lipidmaps; (5) metabolites in KEGG is the number of metabolites annotated
to the KEGG database
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negative ion mode. Based on the metabolic profiles of
fecal samples from different fecal treatment groups,
principal component analysis (PCA) was performed
to evaluate the similarity of samples within groups and
the difference in samples between groups. As shown in
Fig. 4A and B, the samples within the different treatment
groups were close to each other, whereas there was a sig-
nificant difference between the treatment groups, indi-
cating that feeding different feeds can significantly affect
the metabolic profiles of Bamei pigs. The QC samples
were centered and clustered together, indicating that the
UPLC-MS/MS system used for the metabolome assay
was stable and that the data were reliable. Venn diagrams
revealed 1304 cationic metabolites and 961 anionic
metabolites in the cecum of the six treatment groups.
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Among them, the CK group on the Oth day had the most
unique metabolites.

Variable importance in projection (VIP) analysis and
clustered heatmaps were jointly used to visualize the dif-
ferentially abundant metabolites in Groups L, B, MIX,
and A compared to Group CK. After 50 days of feed-
ing, the levels of the metabolites miroprofen, duku-
nolide D, 3-hydroxykynurenamine, alizarin complexone,
and narceine were significantly greater (»<0.05) in the
feces of Group L than in those of Group CK (Fig. 5A);
the levels of neolinustatin, alpha-cephalin, 1,6-anhydro-
N-acetyl-beta-muramate, alizarin complexone, aciclo-
vir, narceine, aflatoxin B2, and avenanthramide 1p were
significantly greater (p<0.05) in Group B (Fig. 5B); the
levels of 3-methyl-3-butenyl apiosyl-(1-6)-glucoside,
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Fig. 4 Comparison of metabolites in the feces of Bamei pigs after 50 days of feeding different diets. A PCA analysis of cationic metabolites; B PCA
analysis of anionic metabolites; C Venn diagram of cationic metabolites; D Venn diagram of anionic metabolites
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alpha-cephalin, dukunolide D, alizarin complexone,
1,6-anhydro-N-acetyl-beta-muramate, and narceine were
significantly greater (»<0.05) in Group MIX (Fig. 5C);
and the levels of 2-phenyl-2-(piperidin-2-yl) acetamide,
isofebrifugine, antipyrine, phenylalanylhistidine, and car-
mofur were significantly greater (p<0.05) in the group
(Fig. 5D).

Correlation analysis of differentially abundant metabolites
with differential gut microbiota and immune-related
cytokines

Correlation analyses of differential fecal metabolites
with differential fecal gut microbiota or immune-related
cytokines were performed to determine the relationships
between differentially abundant metabolites and differ-
ential microbiota or immunity. The results of Pearson
correlation analysis of differential fecal metabolites with
immune-related cytokines (Day 50) showed (Fig. 6A)
that the immune factor IL-2 was significantly positively
correlated with the differentially abundant metabo-
lites nona-4,7-dienedioylcarnitine (r=0.54; p<0.01),
and 9-F1l-phytoprostane (r=0.57; p<0.05) and signifi-
cantly negatively correlated with 6-hydroxyhexanoic

acid (r=- 0.46; p<0.01) and (+)-(Z)-2-(5-tetradecenyl)
cyclobutanone (r=- 0.46; p<0.01). The immune fac-
tor IL-10 showed a significant positive correlation with
cyclophosphamide (r=0.44; p<0.05) and 9-F1-phyto-
prostane (r=0.49; p<0.05) and a significant negative
correlation with 6-hydroxyhexanoic acid (r=-— 0.57;
p<0.01), xanthine (r=— 0.49; p<0.01). IFN-y was signifi-
cantly positively correlated with 6-hydroxyhexanoic acid
(r=0.51; p<0.05), oxypurinol (r=0.56; p<0.01), and xan-
thine (r=0.58; p<0.01). MyD88 was significantly posi-
tively correlated with 6-hydroxyhexanoic acid (r=0.50;
p<0.05). IL-1f was significantly positively correlated
with 6-hydroxyhexanoic acid (r=0.69; p <0.01), xanthine
(r=0.49; p<0.05). TLR4 was significantly positively cor-
related with 6-hydroxyhexanoic acid (r=0.54; p<0.05)
and (1)-(Z)-2-(5-tetradecenyl) cyclobutanone (r=0.46;
p<0.05) and was significantly negatively correlated with
cyclophosphamide (r=— 0.45; p<0.05) and 9-F1-phy-
toprostane (r=— 0.60; p<0.01). TLR2 was significantly
positively correlated with xanthine (r=0.48; p <0.05) and
with (+)-(Z)-2-(5-tetradecenyl) cyclobutanone (r=0.65;
p<0.01) and was significantly negatively correlated with
cyclophosphamide (r=— 0.46; p <0.05).
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Fig. 6 A Pearson correlation analysis between differential metabolites and immune-related cytokines; B Pearson correlation analysis
between differential metabolites and differential gut microbiota on genus level

The results of a Pearson correlation analysis of differ-
entially abundant metabolites with gut differential micro-
biota in feces showed (Fig. 6B) that g_Lactobacillus was
significantly positively correlated with (+)-enterolactone
(r=0.49; p<0.05) and significantly negatively correlated
with oxypurinol (r=-0.47; p<0.05). g_ Clostridium_
sensu_stricto_1 showed a significant positive correlation
with 6-hydroxyhexanoic acid (r=0.60; p<0.01) a xan-
thine (r=0.40; p<0.05) and a significant negative cor-
relation with cyclophosphamide (r=-0.56; p<0.05). The
relative abundance of g_Streptococcus was significantly
positively correlated with that of oxypurinol (r=0.46;
p<0.05) and xanthine (r=0.51; p <0.05) significantly neg-
atively correlated with that of cyclophosphamide.

Effects of different feeds on intestinal metabolic pathways
in Bamei pigs

The results of metabolic pathway enrichment analysis
based on the KEGG database are shown in Fig. 7. The
main intestinal metabolic pathways significantly enriched
(p<0.05) in Group L compared with Group CK were
tyrosine and tryptophan biosynthesis, bile secretion,
tyrosine metabolism, tryptophan metabolism. The signif-
icantly enriched metabolic pathways (p<0.05) in Group
B were arginine biosynthesis, lysine degradation, steroid
hormone biosynthesis, bile secretion, and tryptophan
metabolism. The significantly enriched metabolic path-
ways (p<0.05) in Group MIX were phenylalanine, tyros-
ine and tryptophan biosynthesis, tyrosine metabolism,
chemical carcinogenesis-DNA adducts, steroid hormone
biosynthesis, bile secretion, and tryptophan metabolism.
The main intestinal metabolic pathways significantly
enriched in Group A compared to Group CK included
(p<0.05) central carbon metabolism in cancer, histidine

metabolism, phenylalanine metabolism, ABC transport-
ers, and tryptophan metabolism.

Considering the outstanding effect of mixed L. plan-
tarum QP28-1a and B. subtilis QB8a-fermented feeds
on improving the intestinal microbiota and enhancing
immunity, a more detailed metabolic pathway topology
analysis based on the KEGG database was implemented.
Three metabolic pathways with high importance and
significance were screened, as shown in Fig. 8A, includ-
ing tryptophan metabolism, phenylalanine, tyrosine and
tryptophan biosynthesis, and steroid hormone biosyn-
thesis. The number of differentially abundant metabo-
lites enriched in these three metabolic pathways was
8, 5, and 8, respectively, as shown in Fig. 8B-D. In the
metabolic pathway tryptophan metabolism, which was
significantly enriched in Group MIX compared with the
CK group (Fig. 8B), the differentially abundant metabo-
lites 5-methoxy-indoleacetate, 5-hydroxyindole-acetyl-
glycine, 5-methoxy-trytamine, 3-indoleglycol-aldehyde,
4-(2-amino-3-hydroxyphenyl)-2,4-dioxobutanoate,
and 3-hydroxy-kynurenamine were upregulated, and
the differentially abundant metabolites serotonin,
6-hydroxymelatonin, and N-formyl-anthranilate were
downregulated. In the phenylalanine, tyrosine and tryp-
tophan biosynthesis metabolic pathway (Fig. 8C), the
differentially abundant metabolites 3-dehydroshikimate,
shikimate, shikimate 3-phosohate, and L-arogenate were
upregulated and the differentially abundant metabolite
phenylpyruvate was downregulated. In the steroid hor-
mone biosynthesis pathway (Fig. 8D), the differentially
abundant metabolites 18-hydroxy-corticosterone, tet-
rahydro-corticosterone, cortisol, urocortisone, and cor-
tolone were upregulated and the differentially abundant
metabolite aldosterone was downregulated.
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Fig. 7 The top metabolic pathway enrichment analyses based on KEGG database between the CK group and other treatment groups on day 50. A
Group L VS group CK; B group B VS group CK; C group MIX VS group CK; D group A VS group CK

Discussion

Bamei pig breeding and conservation are facing severe
challenges from various factors such as high feed costs,
high weaning stress, low immunity after weaning, poor
ecological environment, and African swine fever out-
breaks. Antibiotics are the main drugs used for pre-
venting and treating diseases. However, the misuse of
antibiotics can lead to bacterial resistance and drug resi-
dues, which are extremely harmful to human and ani-
mal health and to environmental safety. In addition, the
long-term use of antibiotics in pigs can further cause a
decline in immunity and increase the risk of disease
transmission. Therefore, choosing suitable antibiotic
alternatives to maintain the symbiotic microenvironment

between gut microorganisms and hosts is the key to solv-
ing the current problems of sustainable development in
the Bamei pig farming industry. The advantages of pro-
biotic-fermented feeds include the inability of antibiot-
ics to maintain intestinal health, enhance immunity, and
improve the metabolic profile of pigs.

Fermented feed improves the gut microbiota

Gut health requires a balance of symbiotic bacteria,
probiotics and pathogens, and probiotics are vital for
regulating the gut microbiota [31]. Feeding fermented
feed to Bamei pigs changed the structure of the intes-
tinal microbiota, and both the Sobs index and Shan-
non index increased, improving the diversity of the
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gut microbiota, which was beneficial for inhibiting the
growth and colonization of pathogens in the intestinal
tract, and helping to maintain intestinal balance [32].
Tajima et al. [33] also reported that after feeding fer-
mented feed with Lactobacilli, the Chao and Shannon
indices of the intestinal microbiota of weaned piglets
significantly increased. Notably, feeding potentially
probiotic-fermented feeds avoided the damage caused
by antibiotics to gut diversity. Fouhy et al. [34] reported
that the use of excessive antibiotics resulted in reduced
gut microbial diversity and impaired gut health in neo-
nates. Lactobacillus-fermented feeds produce many
organic acids, such as lactic acid, during fermentation,
which decreases the pH of the feed, thus effectively
inhibiting the growth of some pathogens. In addition,
the number of beneficial bacteria such as Lactobacilli
in the intestinal tract increases, and the number of

harmful bacteria decreases after the animals consume
the feed [15]. After entering the gastrointestinal tract
of animals, B. subtilis consumes a large amount of free
oxygen and competitively inhibits with other bacte-
ria, reducing the number of aerobic pathogens, such
as E. coli and Clostridium [35]. Van Winsen et al. [36]
reported that feeding L. plantarum-fermented feed
resulted in a decrease in the number of harmful bac-
teria such as E. coli and Salmonella while the number
of probiotic Lactobacillus significantly increased in pig
feces. In this study, the relative abundance of Lactoba-
cillus increased in Groups L, B, and MIX, which were
fed diets supplemented with potential probiotics, and
in Group A, which was fed feed supplemented with
antibiotics, while the growth of Clostridium and Strep-
tococcus was effectively inhibited. Streptococcus spp.,
such as Group B Streptococcus spp., are conditional
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pathogens often found in the genitourinary and intes-
tinal tracts [37], and feeding fermented feeds reduces
the risk of infection. LEFSe analysis further revealed
bacterial differences between the treatment groups.
In conclusion, feeding potential probiotic-fermented
feeds increased the diversity of the intestinal micro-
biota, increased the abundance of beneficial bacteria,
and decreased the abundance of harmful bacteria, thus
improving the intestinal microbiota of Bamei pigs; in
particular, especially the mixed fermentation feed had
the most significant effect.

Fermented feed enhances immunity in Bamei pigs
Cytokines are a class of biologically active small-molecule
proteins that can regulate cell growth, differentiation,
and the immune response by binding to correspond-
ing receptors [38]. Previous studies have shown that
probiotic-fermented feeds can not only regulate the
intestinal flora, but also enhance host immunity by
modulating cytokines [39, 40]. Probiotic-fermented
feeds affect immunity mainly through three pathways:
anti-inflammatory factors, proinflammatory factors and
immunity-related signaling pathways. When exogenous
pathogens invade, probiotics can promote the expres-
sion of the anti-inflammatory cytokines IL-2 and IL-10
by inducing the differentiation of Th2 cells, thus dimin-
ishing harm due to the inflammatory response [41]. The
proinflammatory cytokines TNF-a, IFN-y, and IL-1f
can exacerbate mucosal inflammatory responses when
stimulated by invasive signals [42]. Sanchez-Mufoz et al.
[43] reported that feeding animals diets supplemented
with Lactobacillus significantly reduced the expression
of the proinflammatory cytokines TNF-a and IL-1P
and reduced intestinal inflammation. Immunity-related
cytokine signaling pathways, particularly the TLR4/
MyD88/NF-KB signaling pathway, may also affect host
immunity [44]. Previous studies have reported that wean-
ing activates intestinal inflammatory signaling pathways
such as the MAPK and NF-kB pathways, triggering
inflammation [45]. Jang et al. [46] reported that feeding
mice diets supplemented with Lactobacilli G-101 inhib-
ited the TLR4/MyD88/NF-KB signaling pathway, thereby
alleviating colitis. In this study, feeding mixed L. plan-
tarum QP28-1a and B. subtilis QB8a-fermented feeds not
only significantly increased the production of the anti-
inflammatory cytokines IL-2 and IL-10 (p < 0.05), but also
significantly decreased the production of the proinflam-
matory cytokines IL-1p and TNF-q, as well as the inflam-
matory signaling pathway-related cytokines MyD88,
TLR4, and NF-KB (p<0.05), thus improving the immu-
nity of freshly weaned Bamei pigs, which was even better
than that of antibiotics.
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Fermented feeds affect metabolic profiles and pathways
Intestinal metabolism is a complex process, and metab-
olomics results revealed significant effects on the fecal
metabolites and metabolic pathways of Bamei pigs
after they were fed different diets. Notably, narceine, an
opium alkaloid with antidiabetic effects [47], was sig-
nificantly enriched in Groups L, B, and MIX compared
to Group CK (Fig. 5). The alpha-cephalin enriched in
Groups B and MIX had antioxidant effects. Bile acids,
the main component of bile, are synthesized by the liver
and released into the gastrointestinal tract to aid in the
absorption of nutrients, dietary fats, steroids, vitamins
and drugs [48]. In this study, the metabolic pathway that
promotes bile secretion was enriched in Groups L, B, and
MIX. ABC transporter proteins are one of the largest
families of transporter proteins discovered to date and
are involved in a wide range of biological functions and
metabolic processes, transporting proteins, sugars, and
lipids across membranes by releasing ATP [49]. Numer-
ous medical studies have revealed that pathogenic bac-
teria are resistant to drugs, antibiotics, and fungicides
through the overexpression of ABC transporter proteins
[50, 51]. The significant enrichment of ABC transporter
proteins in Group A compared to group CK after feeding
for 50 days suggested that the consumption of antibiotic
supplemented feed by Bamei pigs resulted in the enrich-
ment of the metabolic pathway of ABC transporter pro-
teins, which led to the body’s resistance to antibiotics and
harmed the health of the pigs. The results of metabolic
pathway topology analyses showed a significant enrich-
ment of amino acid metabolism, especially tryptophan
metabolism, in Group MIX, which was highly correlated
with nastiness in livestock meat and malodor in feces
[52]. The undigested tryptophan in the feed produced
indoleacetic acid by various pathways, and indoleacetic
acid produced a fecal odor by indoleacetic acid decar-
boxylase, which caused malodor [53]. The improved met-
abolic efficiency of tryptophan in Group MIX suggested
that mixed-fermented feeds may be able to reduce pork
stink and fecal contamination in the environment. Phe-
nylalanine and tryptophan, as essential amino acids for
humans, are not only involved in the composition of tis-
sue proteins, but also important precursors of host and
microbial metabolism and play important roles in growth
and development as well as metabolism [54—-56]. Ster-
oid hormones are important for growth, fertility control,
and immunomodulation [57-59]. In summary, feeding
mixed-fermented feeds increased the content of narceine
and alpha-cephalin in the intestinal tract, promoted bile
secretion; and favored the synthesis of phenylalanine,
tyrosine, and steroid hormones, thus improving the
metabolism of Bamei pigs.
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Conclusion

Using combined methods of 16S rDNA high-through-
put sequencing, ELISA, and metabolomics, this study
revealed that feeding five different feeds significantly
altered the intestinal microbiota, immunity, and intestinal
metabolic profiles of Bamei pigs. Feeding mixed L. plan-
tarum QP28-1a and B. subtilis QB8a-fermented feeds not
only increased the a-diversity of the gut microbiota and
the relative abundance of Lactobacillus, but also inhib-
ited the growth of the conditional pathogens Clostrid-
ium and Streptococcus. Notably, mixed-fermented feed
also increased the production of the anti-inflammatory
cytokines IL-2 and IL-10 and decreased the production of
the proinflammatory cytokines IL-1p and TNF-q, as well
as the inflammatory signaling pathway-related cytokines
MyD88/TLR4/NF-KB, thus improving the immunity of
freshly weaned Bamei pigs. In addition, feeding mixed-
fermented feeds improved the metabolism of Bamei pigs
by increasing the content of narceine and alpha-cephalin;
promoting bile secretion; and facilitating the synthe-
sis of phenylalanine, tyrosine, and steroid hormones. In
conclusion, mixed L. plantarum QP28-1a and B. subti-
lis QB8a-fermented feeds improved the gut microbiota,
immunity, and metabolism of Bamei pigs and proved to
be a promising, healthy and environmentally sustainable
solution for Bamei pig breeding and conservation.
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