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Medicine, Qinghai University, Xining, China

The rumen microbiota and metabolites play an important role in energy
metabolism and immune regulation of the host. However, the regulatory
mechanism of rumen microbiota and metabolite interactions with hoston Tibetan
sheep’s plateau adaptability is still unclear. We analyzed the ruminal microbiome
and metabolome, host transcriptome and serum metabolome characteristics
of Tibetan sheep at different ages. Biomarkers Butyrivibrio, Lachnospiraceae_
XPB1014_group, Prevotella, and Rikenellaceae_RC9_gut_group were found
in 4months, 1.5years, 3.5years, and 6years Tibetan sheep, respectively. The
rumen microbial metabolites were mainly enriched in galactose metabolism,
unsaturated fatty acid biosynthesis and fatty acid degradation pathways, and had
significant correlation with microbiota. These metabolites further interact with
MRNA, and are co-enriched in arginine and proline metabolism, metabolism of
xenobiotics by cytochrome P450, propanoate metabolism, starch and sucrose
metabolism, gap junction pathway. Meanwhile, serum metabolites also have a
similar function, such as chemical carcinogenesis — reactive oxygen species,
limonene and pinene degradation, and cutin, suberine and wax biosynthesis,
thus participating in the regulation of the body's immune and energy-related
metabolic processes. This study systematically revealed that rumen microbiota,
metabolites, MRNA and serum metabolites of Tibetan sheep were involved
in the regulation of fermentation metabolic function and immune level of
Tibetan sheep at different ages, which provided a new perspective for plateau
adaptability research of Tibetan sheep at different ages.
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Introduction

Tibetan sheep, as a unique ruminant and dominant germplasm resource in the Qinghai-
Tibet Plateau, has excellent production performance and adaptability in the special plateau
environment. Relying on natural grassland resources, Tibetan sheep graze on the alpine
pasture all the year around, taking natural pasture as the main source of nutrients, and
providing metabolites for survival and production through the powerful ruminal fermentation
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function, so as to adapt to the extreme and harsh plateau environment
(Jing et al.,, 2020). The rumen is an important marker organ of
ruminants and is rich in microbiota such as bacteria, protozoa and
fungi, which have coevolved with the host to influence the phenotype
and play important metabolic, digestive and immune roles in the host
(Tremaroli and Backhed, 2012). Microbiota can decompose cellulose,
hemicellulose and other indigestible substances in the host body and
produce short-chain fatty acids (SCFAs), microbial proteins, ammonia
and other metabolites (Rey et al., 2014), which play an important role
in host immune regulation (Martin et al., 2010), disease prevention
(Tlaskalova-Hogenova et al., 2011), energy balance (Shabat et al.,
2016), and physiological development (Sommer and Backhed, 2013).
Thus, microbiota affects the survival, production and reproduction
ability of ruminants in specific environments. Among them, 50-85%
of SCFAs are directly absorbed through the rumen epithelium as the
main energy source of ruminants (Aschenbach et al., 2011), and affect
the expression of host genes related to energy metabolism, so as to
adapt to the extreme plateau environment through co-evolution with
the genome (Zhang et al., 2016). In addition, the rumen of ruminants
is not only an important organ of fermentation and metabolism, but
also one of the important immune barriers, mainly composed of
microbial barriers, physical barriers and immune barriers, which can
prevent the transmission of pathogens or toxins to host tissues (Shen
et al,, 2019). In addition to energy supply, ruminal metabolites also
participate in the regulation of various physiological functions of the
host, such as the regulation of ruminal epithelial growth, insulin
secretion and immune response (Kristensen and Harmon, 2004;
Gorka et al., 2009; Kim et al., 2013). SCFAs can also stimulate the
activation of the sympathetic nervous system, promote the body’s
energy consumption (Kim et al., 2013), and reduce fat synthesis
(Bergman, 1990). All these studies show that there is a certain
connection between gastrointestinal microbiota and host function,
and host genetic structure and microbiota together affect host
metabolic phenotype.

Rumen microbiota is crucial for host health and growth
performance, and there are certain differences in host gastrointestinal
microbial composition and function at different developmental stages.
From birth to 2years old, the structure of rumen microbiota of cows
has changed significantly, which leads to changes in rumen ecosystem
(Jami et al., 2013), and then affects the performance of cows. Yin’s
study on the development of rumen bacteria in lambs from birth to
4 months of age found that the metabolism level, fermentation level,
bacterial community and its function were all affected by the age of
lambs, and the rumen microbial community and function were
unstable before the age of 20 days (Yin et al., 2021). In addition, there
are certain differences in microbiota and metabolites between
1-month-old and 6-month-old Tibetan sheep (Li et al., 2020), and it
has been found that age-related microbial changes are closely related
to host inflammation (Zhang et al., 2019). Changes in intestinal
microbiota of old cows led to changes in ruminal fermentation mode,
reduced functions related to carbohydrate and lipid metabolism, and
increased levels of inflammatory factors compared with young cows.
Studies have found that changes in the structure and physiological
characteristics of the rumen are related to the development of rumen
microbiota with the increase of age, and their fermented metabolites
are crucial for the development of rumen wall papillae (Beharka et al.,
1998). Our previous study also proved that there are certain differences
in ruminal fermentation metabolites SCFAs in Tibetan sheep of
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different ages, which lead to changes in the structure and gene
expression of the rumen epithelium (Sha et al., 2022), thereby affecting
the development and function of the rumen epithelium and mediating
the adaptability of Tibetan sheep of different ages to the plateau
environment. The adaptability of plateau animals to environmental
stress is different in different growth and development stages, which
leads to differences in their fermentation and metabolism functions.
However, it is not clear about the changes of rumen microbiota and
metabolites during the whole life stage of Tibetan sheep from lamb to
youth, adulthood and old age, and how they affect host gene
expression and metabolism through rumen microbial fermentation,
and then adapt to the plateau environment. Therefore, this study will
compare and analyze the rumen microbiota and their metabolites,
host genes and serum metabolites of Tibetan sheep at different ages,
clarify the differences in rumen microbial fermentation metabolism
and host immune function in the whole life stage of Tibetan sheep
from lamb to youth, adulthood and old age, and reveal the response
of Tibetan sheep at different ages to the pressure of plateau
environment. It provides a reference for the feeding and management
of Tibetan sheep at different ages.

Materials and methods
Experimental design and sample collection

The grazing Tibetan sheep in Haiyan County, Haibei Prefecture,
Qinghai Province, China (Altitude 3,500 m) were selected as the study
subjects. Twenty-four Tibetan sheep of different ages (Euler type, Q)
were randomly selected from the flock of the same herder, which were
as follows: 4 months (4 M, n=6, representing lambs), 1.5years (1.5Y,
n=6, representing young sheep), 3.5years (3.5Y, n=6, representing
adult sheep), and 6years (6Y, n=6, representing old sheep). All the
experimental sheep were in the local traditional natural grazing
management state, without any supplementary feeding, and all the
ewes were nonpregnant. The types of pasture grass and nutritional
level are shown in Supplementary Table S1. The collection of animal
samples is approved by the ethics committee (approval no. GAU-LC-
2020-27). Before grazing in the morning, the jugular vein blood of all
experimental sheep was collected by vacuum tube, centrifuged
(5,000 xg, 20 min, 4°C), and the serum was separated and stored at
—20°C for the determination of serum non-targeted metabolomics.
Subsequently, slaughter (rapid neck exsanguination) was carried out
in accordance with local tradition and in compliance with the
requirements of the ethics committee. After the rumen is removed,
rumen fluid was collected and packaged into frozen tubes and stored
in liquid nitrogen for subsequent 16S rRNA sequencing and
non-targeted metabolomics determination. The epithelial tissue
samples from the ventral sac of the rumen were cut out, rinsed with
PBS, and stored in liquid nitrogen in frozen tubes for RNA-sequencing.

DNA extraction and 16S rRNA sequencing

A MN NucleoSpin 96 Soil kit (Macherey-Nagel, Germany) was
used to extract microbial DNA from the samples of rumen contents,
and the concentration and purity were detected by NanoPhotometer
(N60, Germany). Through PCR amplification of the V3-V4 region of
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the 16S rRNA gene, the community structure of the rumen microbiota
was obtained. The primers were (338F 5-ACTCCTACGGGAGGCA
GCAG-3’" and 806R 5-GGACTACHVGGGTWTCTAAT-3'). The
library obtained by this PCR amplification process was then sequenced
on an Illumina MiSeq platform (Illumina, San Diego, CA,
United States), and the bioinformatics analysis was performed using
BMKCloud.' The raw data returned by the Illumina MiSeq platform
were subjected to merging of paired-end reads (FLASH v1.2.7),
filtering (Trimmomatic v0.33), and remove chimera (UCHIME v4.2)
in order to obtain optimized sequences (tags). The Usearch software
(Edgar, 2013) was used to cluster Tags at 97% similarity level, obtain
OTU, and perform taxonomic annotation of OTU based on Silva
(bacteria) taxonomic database. Based on the OTU analysis results, the
samples were analyzed at each taxonomic level, and the community
structure map of each sample at the phylum, class, order, family, genus
and species taxonomic level was obtained. Alpha diversity was used to
analyze the species diversity within a single sample, and Alpha
diversity index Ace, Chaol, Shannon and Simpson index were
obtained, and sample dilution curve (Wang et al., 2012) and rank
abundance curve were plotted. Beta diversity analysis was used to
compare the differences in species diversity (composition and
structure of the microbiota) between different samples. The PCA map
of the sample was obtained according to the distance matrix (Dubois
et al., 2010), and the Biomarker with statistical differences between
different groups was found by the significance analysis between
groups (LEfSe analysis) (Segata et al., 2011). Metastats software was
used to perform f-test on species abundance data between groups to
obtain p values (White et al., 2009), and g values were obtained by
correcting p values. Finally, the species that caused the difference in
the composition of the two groups of samples were screened out
according to the g value. 16S gene function analysis was performed by
Kyoto Encyclopedia of Genes and Genomes (KEGG) and Clusters of
Orthologous Groups (COG).

LS-MS/MS metabolic spectrometry
determination

Metabolites in rumen contents and serum of 24 Tibetan sheep
were detected by liquid chromatograph - mass spectrometry. The
samples were thawed at room temperature and pre-processed
according to Dunn et al. (2011), Want et al. (2010), Dunn etal. (2011),
and Want et al. (2010), and samples were prepared according to the
method of Liu et al. (2022). Finally, 10 pL was mixed into QC samples
for machine detection. The detection platform was Waters Acquity
I-Class PLUS ultra-performance liquid chromatography coupled with
Waters Xevo G2-XS QTOF high resolution mass spectrometry. The
chromatographic column was Acquity UPLC HSS T3 column (1.8 pm,
2.1*100mm) purchased from Waters, and the sample detection
parameters were according to the method of Liu et al. (2022). The
original data collected by MassLynx V4.2 were processed by
Progenesis QI software for peak extraction, peak alignment and other
data processing operations. The identification was carried out based
on the online METLIN database of Progenesis QI software, the public

1 www.biocloud.net

Frontiers in Microbiology

10.3389/fmicb.2024.1339889

database and the self-built database of BMK company, and the
theoretical fragment identification was carried out at the same time.
The deviation of the parent ion mass number was within 100 ppm, and
the deviation of the fragment ion mass number was within 50 ppm.
Bioinformatics analysis was carried out on the identified metabolites
through the BMKCloud platform (footnote 1), and the differential
metabolites were screened by combining the multiple of difference, p
value of t-test and VIP (Variable Importance in Projection) value of
OPLS-DA model. With FC (Fold Change) >2. p<0.01 and VIP>1 as
the screening criteria, differential metabolite analysis was performed,
and KEGG functional annotation and enrichment analysis were
performed on differential metabolites (Kanehisa and Goto, 2000).

RNA extraction and RNA-sequencing

TRIzol reagent (Invitrogen, DP662-T1C) was used to extract total
RNA from rumen epithelial tissue of Tibetan sheep. Nanodrop2000
(v1, Thermo) was used for con-centration detection. Agient2100,
LabChip GX (platinum, the model Platinum Platinum Elmer LabChip
GX) was tested for integrity. cDNA libraries were constructed using
the VAHTS Universal V6 RNA-seq Library Prep Kit for Illumina® kit
(NR604-02). VAHTSTM DNA Clean Beads kit (N411-03) was further
used for product purification. The constructed library was sequenced
by illumina novaseq6000 (San Diego), and bioinformatics analysis was
performed on BMKCloud (footnote 1). After Data filtering, Clean
Data was obtained. Sequence alignment between Clean Data and
reference genome Ovis_aries (Oar_rambouillet_v1.0) was performed
by HISAT (Li et al., 2015). The Mapped Data was obtained and the
reads on the pairs were assembled using StringTie (Kim et al.,, 2015).
FPKM (Trapnell et al., 2010) (Fragments Per Kilobase of transcript per
Million fragments mapped) was used as an indicator to measure the
expression level of transcripts or genes. DESeq?2 data analysis method
was used to analyze differentially expressed genes, Fold Change (FC)
represents the ratio of expression levels between two groups, False
Discovery Rate (FDR) is obtained by correcting the difference
significance value of p, with FC>2 and FDR <0.01 was used as the
screening criterion for differentially expressed genes.

Data analysis

According to the method of McHardy et al. (2013), the joint
analysis of microbiome and metabolome was carried out, and PCoA
was used to reduce the dimension of microbiome (genus level) and
metabolome. Firstly, the distance matrix was calculated by using the
microbial quantitative matrix and the metabolite quantitative matrix
respectively, where the distance algorithm for the microbiome was
Bayesian distance, and the distance algorithm for the metabolome was
Euclidean distance. PCoA was used to rank the distance. The
coordinates of the feature axes in the PCoA results of the microbiome
and the metabolome were extracted, and Procrustes analysis was
performed to compare the similarity and variation between the
microbiome and the metabolome. Weighted gene co-expression
network analysis (WGCNA) is used to reduce the dimension of
metabolic data, and metabolites are divided into different metabolite
clusters. The expression levels of metabolite clusters are expressed by
the median content in the same cluster. Pearson correlation analysis
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was performed with microorganisms, heat map was drawn, and the
results of correlation analysis were screened. The screening conditions
were p values, and the standards were: CCP <0.05, then count the
frequency of metabolite clusters/microorganisms, table the correlation
results of metabolite clusters/microorganisms with top30 frequency,
and draw chord diagram. WGCNA (Zhang et al., 2013) dimension
reduction analysis was performed on transcriptome and metabolome
data, and genes and metabolites were divided into different modules.
The eigengene of the corresponding module represented the content
of gene/metabolite module, and the correlation between transcriptome
module and metabolome module was calculated after dimension
reduction. Retain data containing at least one set of correlations with
a p-value of CCP<0.05, and then the heat map was drawn. The
pathways involved in genes in the transcriptome and metabolites in
the metabolome were compared to obtain the number of common
participating pathways, and Venn diagram was drawn (Chen and
Boutros, 2011). The top 10 KEGG pathways with the largest number
of common participating genes and metabolites identified in this
experiment were counted for visual analysis.

Results

Characteristics of rumen microbiota of
Tibetan sheep at different ages

A total of 1,800,295 pairs of reads were obtained from rumen
microbiota of Tibetan sheep at different ages, and an average of 74,724
clean reads were generated for each sample after quality control and
splicing. OTU clustering analysis showed that a total of 3,482 (4M), 2,529
(1.5Y), 2,590 (3.5Y) and 2,311 (6 Y) unique outs were obtained for the
four age groups (Figure 1A). The dilution curve flattens out at 40,000
reads, which ensures the validity of sequencing (Figure 1C). PCoA and
Anosim analysis show that there are certain differences in ruminal
microbiota in the four age groups (Figures 1B,D), and the differences
between groups are greater than the differences within groups. Alpha
diversity analysis (Table 1) showed that the Shannon index of 4M was
significantly larger than 1.5Y and 3.5Y (p<0.05), Simpson index was
significantly greater than 3.5Y (p<0.05), ACE and Chaol index in 4M
were significantly higher than 1.5Y and 3.5Y (p<0.05).

At the phylum level (Figure 2A), Firmicutes decreased with age,
reached the minimum at 3.5, and increased again at 6 Y. Bacteroidota
had the highest abundance in 1.5Y and 3.5Y, and was significantly
lower in 4M than in 1.5Y (p<0.05). Fibrobacterota was significantly
higher in 6 Y than in other age groups (p <0.05). At the genus level
(Figure 2B), Prevotella was most abundant in 4 M and 3.5Y, and was
significantly higher in 3.5Y than in 1.5Y and 6Y (p<0.05),
Rikenellaceae_RC9_gut_group had the highest abundance in 6Y,
which was significantly higher than that in 4M (p <0.05), but not
significantly different from 1.5Y and 3.5Y (p>0.05). LEfSe analysis
found biomarkers of different age groups (Figure 2C), Butyrivibrio,
NK4A214_group and Quinella in 4 M, Lachnospiraceae_XPB1014_
group in 1.5, Prevotella and Succiniclasticum in 3.5Y, Rikenellaceae_
RC9_gut_group and Saccharofermentans in 6Y. KEGG function
prediction analysis found (Figure 3) that amino acid metabolism and
energy metabolism functions were significantly increased in 4 M_
vs_1.5Y (p<0.05), while carbohydrate metabolism function reached
the highest in 4 M. In addition, metabolism of cofactors and vitamins
at 3.5Y was significantly higher than thatat 1.5Y and 6 Y (p<0.05).
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Characteristics of microbiota metabolic
profile in rumen of Tibetan sheep at
different ages

There were certain differences in rumen microbiota metabolites
of Tibetan sheep at different ages (Supplementary Figure SI;
Supplementary Data S1). A total of 1,206 differential metabolites were
found in 4M_vs_1.5Y (Supplementary Figure S2A), and analysis of
metabolites with smaller p values showed that Decanoic acid was
significantly down-regulated at 1.5years of age (p<0.05), while
3’-DEOXY-3-FLUOROTHYMIDINE, 2-Succinylbenzoate, Cys Tyr
Cys Trp, DG (14:0/16:1(9Z)/0:0) were significantly upregulated
(p<0.05). Two hundred and Eighteen differential metabolites were
found in 1.5Y_vs_3.5Y (Supplementary Figure S2B), among which
Bafilomycin Al(Baf-Al) was significantly upregulated at 3.5Y
(p<0.05), Al 2-dioctanoyl PC,
Aminopentol,1,3,5,7,9,11, 13-pentadecaheptaene were significantly
down-regulated (p<0.05). Five hundred and seven differential
metabolites were found in 3.5Y_vs_6Y (Supplementary Figure S2C),

while Hovenine

among which Leucopelargonidin 3-O-alpha-L-rhamno-beta-D-
glucopyranoside was significantly down-regulated at 6 Y (p<0.05),
4-hydroxy-5
-(3',4’-dihydroxyphenyl)-valeric acid-O-glucuronide and 3-o0xo-7,8-

and Oleanolic acid, 1-Pentadecene,
dihydro-alpha-ionol were significantly up-regulated (p <0.05). 1,444
differential identified in 4M_vs 6Y
(Supplementary Figure S2D), among which Megalomicin B was
significantly down-regulated at 6 Y (p<0.05), 3-oxo-7,8-dihydro-

alpha-ionol, 1-Phenyl-2-decanoylamino-3-morpholino-1-propanol,

metabolites  were

alpha-Valerenol, Tetrahydropersin were significantly up-regulated
(p<0.05).

KEGG functional enrichment analysis of differential metabolites
showed that galactose metabolism and alpha—linolenic acid
metabolism were mainly enriched in 4M_vs_1.5Y (Figure 4A). In
Galactose metabolism, D-Mannose (neg-565), myo-Inositol (neg-562)
and Raffinose (neg-629) were down-regulated at 1.5Y, while Melibiitol
was up-regulated. In 1.5Y_vs_3.5Y (Figure 4B), the enriched
functions were less, mainly in oxidative phosphorylation. In the 3.5Y_
vs_6Y (Figure 4C), it was primarily enriched in the biosynthesis of
unsaturated fatty acids and fatty acid degradation. In the 4M_vs_6Y
(Figure 4D), it was primarily enriched in galactose metabolism, alpha-
linolenic acid metabolism, and folate biosynthesis.

Interaction analysis of rumen microbiota
and their metabolites in Tibetan sheep at
different ages

Procrustes analysis found that there were certain differences in
rumen microbiota and metabolites of Tibetan sheep at different ages
(Supplementary Figure S3). Correlation analysis revealed a strong
correlation between differential metabolites in different age groups
and genus-level microbiota. Screen |CC|>0.8 and CCP <0.05 data, the
top 30 frequency differential metabolites/differential microbiota were
made into a correlation chord diagram. In the 4M_vs_1.5Y
(Figure 5A), a significant positive correlation was observed between
Lachnospiraceae_NK3A20_group and metabolites (p <0.05), while in
the 1.5Y_vs_3.5Y (Figure 5B), a significant positive correlation was
found between Limosilactobacillus, Weissella, and Cholesteryl
glucoside (p <0.05). In the 3.5Y_vs_6Y (Figure 5C), a significant
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FIGURE 1
Rumen microbiota diversity of Tibetan sheep at different ages. (A) Distribution of OUT; (B) PCoA analysis; (C) dilution curve; (D) Anosim analysis.
TABLE 1 Rumen microbial diversity index of Tibetan sheep at different ages.
L4M L1.5Y L3.5Y L6y
Shannon 8.622+0.107* 8.254+0.131° 7.913£0.133¢ 8.366+0.077
Simpson 0.994+0.001° 0.992+0.001® 0.990+0.001° 0.993 +0.000
ACE 1052.667 +£60.102* 900.432 +43.006 731.539£36.203° 885.124+48.272°
Chaol 1050.674 +59.883" 899.216+42.786" 730.2784+36.113¢ 884.352+48.252°
PD_whole_tree 85.558+3.251* 79.976 +2.672" 71.716 £2.632° 78.635+2.201"

Different superscript lowercase letters indicate significant differences on the same line, p <0.05.

positive correlation was observed between Streptococcus and
Ginsenoside Rh5 (p <0.05). In the 4M_vs_6Y (Figure 5D), a
significant positive correlation was found between Selenomonas and
L-Carnitine (p <0.05).

Interaction analysis between rumen
microbial metabolome and host
transcriptome (MRNA) in Tibetan sheep at
different ages

Through transcriptome sequencing of rumen epithelial tissues, a
total of 29,095 expressed genes were detected in the rumen epithelial
tissues of Tibetan sheep at different ages, and 1,007 differentially
expressed genes were screened out. WGCNA dimension reduction
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analysis divided genes and metabolites into different modules, and
found that there was a certain correlation between these gene modules
and metabolite modules (Supplementary Figure 54). Co-participating
pathways were obtained by comparing pathways involved by genes in
the transcriptome and pathways involved by metabolites in the
metabolome (Supplementary Figure S5). We found 58 common
pathways in 4M_vs_1.5Y, 2 common pathways in 1.5Y_vs_3.5Y, 26
common pathways in 3.5Y_vs_6Y, and 89 common pathways in
4M_vs_6Y. The top 10 KEGG pathways with the largest number of
common participations of differential genes and differential
metabolites identified in this study were further counted for visual
analysis. In 4M_vs_1.5Y (Figure 6A), the differential genes and
differential metabolites were enriched in arginine and proline
metabolism (ko00330), biosynthesis of amino acids (ko01230) and
metabolism of xenobiotics by cytochrome P450 (ko00980) pathway.
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In 1.5Y_vs_3.5Y (Figure 6B), it was enriched in pathways in cancer
(k005200) and propanoate metabolism (ko00640). In 1.5Y_vs_3.5Y
(Figure 6C), it was enriched metabolism of xenobiotics by cytochrome
P450 (ko00980), and purine metabolism (ko00230). In 4M_vs_6Y
(Figure 6D), it was mainly enriched in arginine and proline
metabolism (ko00330), starch and sucrose metabolism (ko00500), gap
junction (ko04540), bile secretion (ko04976).

Analysis of blood metabolic profile of
Tibetan sheep at different ages

There were some differences in blood metabolites of Tibetan
different ages  (Supplementary  Figure  S6;
Supplementary Data S2). Four hundred and two differential
metabolites were found in 4 M_vs_1.5Y (Supplementary Figure S7A),
among which Aflatoxin ExB2, dIDP, PC (14:0/0:0) were down-
regulated at 1.5years old, and Litebamine was up-regulated. In 1.5Y_
vs_3.5Y (Supplementary Figure S7B), 203 differential metabolites
were found, among which Solanidine, Kanosamine 6-phosphate, and
2-cis-abscisate were down-regulated at 3.5Y. In 3.5Y_vs_6Y
(Supplementary Figure S7C), 209 differential metabolites were found,
among which Biliverdin IX and Toxin T2 tetrol were up-regulated.

sheep at
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Five hundred and forty differential metabolites were found in 4 M_
vs_6Y (Supplementary Figure S7D), among which Avermectin Bla
aglycone was upregulated, N-Octanoyl-L-homoserine lactone, and
Homocarnosine was downregulated.

The KEGG functional enrichment analysis of differential serum
metabolites that
carcinogenesis — reactive oxygen species, cutin, suberine and wax
biosynthesis were mainly enriched in 4M_vs_1.5Y (Figure 7A). In
1.5Y_vs_3.5Y (Figure 7B), it was mainly enriched in cellular
senescence, Limonene and pinene degradation. In 3.5Y_vs_6Y
(Figure 7C), it was mainly enriched in cyanoamino acid metabolism,
cutin, suberine and wax biosynthesis. Histidine metabolism and
sphingolipid signaling pathway were mainly enriched in 4M_vs_6Y
(Figure 7D).

showed benzoate degradation, chemical

Comparison and analysis of ruminal
microbiota metabolic profile and blood
metabolic profile

[log2FC|>2 as the screening criteria, differential metabolites and
serum metabolites were screened for comparative analysis.
Twenty-one common differential metabolites were found in
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KEGG functional prediction analysis of rumen microbiota in Tibetan sheep at different ages. (A) 4M_vs_1.5Y; (B) L.5Y_vs_3.5Y; (C) 3.5Y_vs_6Y.
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KEGG functional enrichment analysis of rumen microbial metabolites in Tibetan sheep at different ages. (A) 4 M_vs_1.5Y; (B) 1.5Y_vs_3.5Y; (C) 3.5Y_

4M_vs_1.5Y, no common metabolites were found between 1.5Y_
vs_3.5Y, 4 common metabolites were found in 3.5Y_vs_6Y, and 49
4M_vs_ 6Y
(Supplementary Data S3). Further HMDB functional classification

common  metabolites  were  found in
analysis of common differential metabolites (Figure 8) was carried
out. Comparison between lambs, young, and old sheep found that the
differential metabolites were mainly annotated in prenol lipids and
organooxygen compounds. With only two metabolites annotation in
glycerophospholipids. Compared to the lamb stage, Tyramine,
Terpinen-4-ol, Leucomycin a5, Isoalantolactone, and Indole-3-
carboxaldehyde were all downregulated in the rumen fluid and blood
in both the youth and old stages. Salbostatin was downregulated in
rumen fluid and upregulated in blood at young and old age.
Anhwiedelphinine was upregulated in rumen fluid and blood at both

adult and elderly stages.

Discussion

Tibetan sheep is an important germplasm resource on the
Qinghai-Tibet Plateau. The survival and production performance of
Tibetan sheep in extreme environments are determined by the

Frontiers in Microbiology

microbiota fermentation metabolism and host immune level in the
rumen. The rumen microbiota composition and diversity of Tibetan
sheep changed in the whole life stage from lamb to youth, adult and
old age. The Shannon, ACE and Chaol indexes of lamb stage were
higher, indicating that the rumen microbial species abundance and
diversity of Tibetan sheep at lamb stage were higher than those after
adulthood. It was also found that Firmicutes (Kaakoush, 2015) related
to digestion and absorption decreased with age and increased again in
the old age, indicating that Firmicutes played an important role in
nutrient absorption in the lamb stage and the old age stage.
Bacteroidota, which is related to carbohydrate and protein degradation
(Nuriel-Ohayon et al., 2016), has the highest abundance in the young
and adult stages, and the lamb stage has a higher proportion of F/B,
which helps the lamb to effectively absorb energy substances and
maintain the metabolic balance of the body (Fernando et al., 2010;
Murphy et al., 2010). Furthermore, the fiber-degrading bacterium
Fibrobacterota (Ransom-Jones et al., 2012) increased in the old stage,
and some digestive functions of Tibetan sheep are weakened in the old
stage, so more Fibrobacterota may be needed to degrade the fiber
material of pasture and provide energy material for the body.
Microbial biomarker analysis found that Butyrivibrio decreased in the
lamb stage, and the amount of Butyrivibrio was positively correlated
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(D) 4M_vs_6Y.

with the amount of methanogen (Dan et al., 2016). More methane  stage is one of the producers of SCFAs and plays a role in host health
may be produced in the lamb stage, but the abundance of methane- (Vacca et al., 2020). Prevotella, the biomarker of adult stage, has the
degrading bacteria decreased with age. This is consistent with thelow  highest abundance in lambs and adult stages, which can produce more
methane characteristics of plateau animals (Zhang et al., 2016). The  propionic acid (Strobel, 1992) to improve the performance of Tibetan
biomarker bacterium Lachnospiraceae_XPB1014_group in the young  sheep, which also confirms our previous research results (Sha et al.,
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Top 10 co-enriched KEGG pathways for visual analysis. (A) 4M_vs_1.5Y; (B) 1.5Y_vs_3.5Y; (C) 3.5Y_vs_6Y; (D) 4M_vs_6 Y.
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2022). Rikenellaceae_RC9_gut_group in old age plays a role in the  indicating that the body needed more trace elements at this stage. In

degradation of plant-derived polysaccharides (Seshadri et al.,, 2018),  order to explore the specific microbial metabolic regulation pathways,
indicating that polysaccharides may be mainly degraded to provide  we further measured the microbial metabolic profile.
energy substances for the old sheep. Further analysis of microbial The analysis of rumen microbial metabolic profile of Tibetan
KEGG function prediction found that carbohydrate metabolism was ~ sheep at different ages found that decanoic acid (Kanabus et al., 2016;
mainly in the lamb stage, amino acid metabolism and energy = Dabke and Das, 2020) related to mitochondrial function and energy
metabolism were increased in the young stage (Figure 9). The  metabolism was higher in the lamb stage than in the young, so as to

metabolism of cofactors and vitamins was enriched in the adult stage, =~ meet the energy required for rapid growth in the lamb stage. Moreover,

Frontiers in Microbiology 11 frontiersin.org


https://doi.org/10.3389/fmicb.2024.1339889
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Sha et al.

2-Succinylbenzoate increased during youth, serving as a menaquinone
biosynthesis intermediate (Guest, 1977), and menaquinone plays a
role in bacterial energy production and skeletal health (Johnston and
Bulloch, 2020).In 1.5Y_vs_3.5Y, bafilomycin A1 content increased at
the adult stage and was involved in the mitochondrial respiratory
pathway under hypoxic conditions (Zhdanov et al., 2012), indicating
that Tibetan sheep may have a stronger adaptability to the plateau
hypoxic environment after adulthood. In 3.5Y_vs_6Y, oleanolic acid
2020), which is
associated with inflammation, increases in the old stage and is used to

(Rodriguez-Rodriguez, 2015; Gutierrez et al.,

prevent the occurrence of diseases. In 4M_vs_6Y, the compound
megalomicin B (Volchegursky et al., 2000) with anti-parasitic, antiviral
and antibacterial properties was found to be reduced in the old stage,
indicating that the body’s disease resistance was weakened in the old
stage. KEGG functional enrichment analysis of these differential
metabolites showed that galactose metabolism and alpha—Linolenic
acid metabolism were mainly enriched in 4M_vs_1.5Y (Figure 9).
Among them, D-Mannose in galactose metabolism is upregulated at
the lamb stage, which reduces the probability of inflammation

10.3389/fmicb.2024.1339889

(Torretta et al., 2020). And myo-Inositol (MacFarlane and Di Fiore,
2018), which is related to the respiratory system, is upregulated at the
lamb stage. This may be a potentially important factor in the
adaptation of Tibetan sheep to the plateau hypoxic environment in the
lamb stage, which needs further verification. In 1.5Y_vs_3.5Y,
ubiquinol, with higher content in the young stage, was enriched in the
oxidative phosphorylation pathway, which is an important process in
energy metabolism (Nolfi-Donegan et al., 2020). In 3.5Y_vs_6Y, the
differential metabolites were mainly annotated in biosynthesis of
unsaturated fatty acids, fatty acid degradation, among which nervonic
acid was increased in the old age stage. It may be involved in the
regulation of the body’s energy metabolism (Keppley et al., 2020) and
maintain the energy demand in the old age. However, alpha-Linolenic
acid (Yuan et al,, 2022), a saturated fatty acid, is decreased in old age,
indicating that fatty acid deposition capacity is reduced in old age and
may be more used in energy metabolic processes. In 4M_vs_6Y, some
down-regulated metabolites were found to be enriched in galactose
metabolism, alpha—Linolenic acid metabolism and folate biosynthesis,
which are some pathways related to energy metabolism. It indicates
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Interaction model diagram of rumen microorganisms and their metabolites with host mMRNA and serum metabolites in Tibetan sheep at different ages.
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that the energy metabolism activity is more active in lamb stage. In
addition, it was found that the cellular immune response marker
neopterin (Michalak et al., 2017) was higher in the old stage than in
the lamb stage, indicating that the immunity of the body was lower in
the old stage than in the lamb stage. However, the changes of these
metabolites are related to the structure of rumen microbiota. Further
joint analysis found a significant positive correlation between
in 4M_
vs_1.5Y. Lachnospiraceae can hydrolyze starch and other sugars to
produce butyrate and other SCFAs (Biddle et al., 2013), and the
abundance was highest in the lamb stage, high SCFA was provided for

Lachnospiraceae_ NK3A20_group and metabolites

Tibetan sheep in the lamb stage, which was consistent with our
previous research results (Sha et al., 2022). Lachnospiraceae not only
provides energy substances, but also participates in the regulation of
body health and disease (Vacca et al., 2020). Moreover, argatroban
(McKeage and Plosker, 2001), which is related to thrombin, shows a
significant positive correlation with the microbiota, contributing to
the health of the lamb stage. In 1.5Y_vs_3.5Y, probiotics
Limosilactobacillus and Weissella (Giraffa et al., 2010; Piccioni et al.,
2021; Teixeira et al., 2021) were found to be significantly positively
correlated with cholesteryl glucoside, which has a protective effect in
gastric inflammation (Kunimoto et al., 2003), the content in youth is
higher than that in adulthood. In 3.5Y_vs_6Y, Streptococcus
(Mohammadi and Dhanashree, 2012) associated with lung disease was
found to be significantly positively correlated with ginsenoside Rh5,
which is an important bioactive compound and plays an important
role in the occurrence of disease treatment (Dou et al., 2001; Li et al.,
2022). Tt is increased in old Tibetan sheep and may play a role in
disease prevention and treatment in old age. Selenomonas (Ricke et al.,
1996), which is involved in carbohydrate catabolism and ATP
generation pathways, was found to be significantly positively
correlated with L-Carnitine in 4M_vs_6Y, and L-Carnitine is an
endogenous molecule involved in fatty acid metabolism (Pekala et al.,
2011), which is highest in lamb stage and may be involved in energy
metabolism process.

Metabolites in the rumen are mainly transferred into the body
through the rumen epithelium to play their functions. In this study,
some common regulatory pathways were found through the joint
analysis of the rumen microbial metabolome and the host
transcriptome (Figure 9). In 4M_vs_1.5Y, it was found that the
expression of LOCI101123553 and PYCRI in arginine and proline
metabolism was down-regulated at young age, resulting in the increase
of hydroxyproline. Studies have found that intestinal microbiota
promote host resistance to low temperature stress by stimulating
arginine and proline metabolic pathways (Raza et al., 2020). For
Tibetan sheep, this pathway may improve adaptability in extreme
plateau environment, and affect the downstream pentose and
glucuronate interconversions pathway by regulating hydroxyproline
to regulate the concentration and supply of intracellular sugars. And
the differential genes enriched in metabolism of xenobiotics by
cytochrome P450, such as GSTAI-1 and LOC114116112, were highly
expressed in the lamb stage. As a result, the content of pathway
metabolite S-(2-Hydroxyethyl)-N-acetyl-L-cysteine is increased in the
lamb stage, thus regulating the cell metabolism and homeostasis of the
host (Zhao et al,, 2021). In 1.5Y_vs_3.5Y, it is mainly enriched in
propanoate metabolism, which may be involved in the regulation of
intestinal epithelial development (Duan et al., 2023). In the 3.5Y_
vs_6Y, differential genes such as GSTAI-1 and LOC114116112 in the
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metabolism of xenobiotics by cytochrome P450 pathway exhibited
reduced expression levels in the old stage. This resulted in a decrease
in the content of the metabolite S-(2-Hydroxyethyl)-N-acetyl-L-
cysteine, indicating a decline in detoxification capacity and functional
weakening in aspects such as cellular metabolism and internal balance
in old Tibetan sheep (Zhao et al., 2021). As well as the content of ADP
in purine metabolism, which is an energy substance produced by the
decomposition of ATP (Tantama et al., 2013; Menegollo et al.,, 2019),
increases in the old stage, indicating that energy demand is met
through this pathway in the old stage. In 4 M_vs_6Y, it was found that
the high expression of GANC in starch and sucrose metabolism was
involved in the regulation of D-Fructose content, which was higher in
the lamb stage than in the old stage, thus providing energy for growth.
In addition, the metabolite serotonin in the gap junction pathway
increases in the old stage, and the receptor HTR2B is highly expressed.
Studies have found that the enhancement of serotonin signaling in the
gastrointestinal tract will lead to enhanced proliferation of intestinal
epithelial cells and reduced intestinal inflammatory damage (Shah
et al,, 2021). In addition, the expression of AOCI and ALDH9A1 in
arginine and proline metabolism pathway is increased in the old stage,
which is involved in butanoate metabolism pathway. AOCI gene is a
marker of intestinal diseases (Liu et al., 2021), and its expression is
higher in the old compared to the lamb stage.

Further analysis of the host serum metabolic profile showed that
litebamine increased in young adults and was involved in platelet
aggregation, ATP release and formation of thrombactin B2 (Teng
etal., 1997; Huang et al,, 2008), indicating enhanced antithrombotic
activity in young adults. In 3.5Y_vs_6Y, an increase in biliverdin IX
content in the old stage was found, which may be involved in anti-
inflammatory response (Chen et al., 2012). And in 4M_vs_6Y, a
decrease in homocarnosine content related to inflammatory treatment
in the old stage was found (Huang et al., 2018). In 4M_VS_1.5Y, the
differential serum metabolites were mainly enriched in cutin, suberine
and wax biosynthesis, and the enriched behenic acid, a saturated fatty
acid with elevated cholesterol, was down-regulated in the young stage
(Cater and Denke, 2001). Secondly, it was enriched in chemical

carcinogenesis reactive

oxygen species, among which
S-adenosylmethionine was higher in lamb stage than in young stage.
Studies have found that S-adenosylmethionine, as a methyl donor,
mediates epigenetic effects to regulate the autophagy process (Ouyang
etal., 2020), preventing the autophagy of Tibetan sheep in the plateau
environment. In limonene and pinene degradation, related to
oxidative stress and heart protection metabolites (Rhana et al., 2022)
(S) - Limonene is higher were increased in lambs, and have anti-
inflammatory, antioxidant (Pina et al., 2022) of the Carvone is also
increased in lambs. In 1.5Y_vs_3.5Y, sirolimus up-regulated at the
adult stage was enriched in cellular senescence and had antifungal,
anti-proliferation and immunosuppressive activities (Sehgal, 2003),
indicating that adult sheep had stronger adaptability to plateau. In
3.5Y_vs_6Y, the differential metabolites were mainly enriched in
cyanoamino acid metabolism, cutin, suberine and wax biosynthesis.
In cyanoamino acid metabolism, L-phenylalanine is up-regulated in
the old stage, which is involved in the regulation of blood pressure
(Wang et al., 2021), so as to better adapt to the plateau environment.
In cutin, suberine and wax biosynthesis, behenic acid, a saturated fatty
acid associated with elevated cholesterol (Cater and Denke, 2001), is
downregulated in old age. 9, 10-epoxyoctadecanoic acid and 9,
10-dihydroxystearate ~were

up-regulated, among which 9,
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10-epoxyoctadecanoic acid is an oxide of oleic acid, which is the main
fatty acid in mammals (Tsikas et al., 2003), this may provide energy
for the old Tibetan sheep. Further comparative analysis of rumen
metabolites and serum metabolites showed that the differential
metabolites of prenol lipids, isoalantolactone and terpinen-4-ol, were
higher in serum and rumen in lamb stage than in young and old stage.
Studies have found that isoalantolactone has various biological
activities such as anti-inflammatory and anti-oxidation (Xu et al,,
2023), and terpinen-4-ol is also an antibacterial substance (Cordeiro
et al., 2020), which plays a self-defense function through these
metabolites in lamb Tibetan sheep. And tyramine (Andersen et al.,
2019), which is associated with neuromodulation, cardiovascular and
immune effects, are elevated in the lamb stage. In addition, salbostatin
(Choi et al., 2008), produced by Actinomyces genus, was found to
be down-regulated in rumen fluid and up-regulated in blood at young
and old age. It was found that Streptomyces mainly produced some
antibiotics (Worrall and Vijgenboom, 2010), which played an
important role in body health, indicating that young and old Tibetan
sheep produced some antibiotics through microbiotas to maintain
their own health (Figure 9). These results reveal the different age
paragraph the response characteristics of Tibetan sheep in plateau
environment, provide a reference for different age groups of sheep
breeding management.
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