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a b s t r a c t

The rumen is an important organ that enables ruminants to digest nutrients. However, the biological
mechanism by which the microbiota and its derived fatty acids regulate rumen development is still
unclear. In this study, 18 female Haimen goats were selected and slaughtered at d 30, 60, and 90 of age.
Multi-omics analyses (rumen microbial sequencing, host transcriptome sequencing, and rumen
epithelial metabolomics) were performed to investigate hostemicrobe interactions from preweaning to
postweaning in a goat model. With increasing age, and after the introduction of solid feed, the increased
abundances of Prevotella and Roseburia showed positive correlations with volatile fatty acid (VFA) levels
and morphological parameters (P < 0.05). Epithelial transcriptomic analysis showed that the expression
levels of hub genes, including 3-hydroxy-3-methylglutaryl-CoA synthase isoform 2 (HMGCS2), enoyl-CoA
hydratase, short chain 1 (ECHS1), and peroxisome proliferator activated receptor gamma (PPARG), were
positively associated with animal phenotype (P < 0.05). These hub genes were mainly correlated to VFA
metabolism, oxidative phosphorylation, and the mammalian target of rapamycin (mTOR) and peroxi-
some proliferator activated receptor (PPAR) signaling pathways (P < 0.05). Moreover, the primary me-
tabolites in the epithelium changed from glucose preweaning to (R)-3-hydroxybutyric acid (BHBA) and
acetoacetic acid (ACAC) postweaning (P < 0.05). Diet and butyrate were the major factors shaping
epithelial metabolomics in young ruminants (P < 0.05). Multi-omics analysis showed that the rumen
microbiota and VFA were mainly associated with the epithelial transcriptome, and that alterations in
gene expression influenced host metabolism. The “butanoate metabolism” pathway, which tran-
scriptomic and metabolomic analyses identified as being upregulated with age, produces ketones that
regulate the “oxidative phosphorylation” pathway, which could provide energy for the development of
rumen papillae. Our findings reveal the changes that occur in the rumen microbiota, host transcriptome,
and metabolome with age, and validate the role of microbiota-derived VFA in manipulating host gene
expression and subsequent metabolism. This study provides insight into the molecular mechanisms of
hostemicrobe interactions in goats and supplies a theoretical basis and guidance for precise nutritional
regulation during the critical time window for rumen development of young ruminants.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

The complex rumen microbial ecosystem and its relationship
with the host is an excellent model for investigating hostemicrobe
interactions (Furman et al., 2020; Mizrahi et al., 2021). The close
dynamic interaction between the rumenmicrobiota and the rumen
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epithelium maintains homeostasis and metabolism in the rumen,
enabling ruminants to produce edible products and contribute to
food security. The rumen is one of the most important digestive
organs and, through its microbial community, converts dietary
plant fiber and low-quality protein into volatile fatty acids (VFA),
which supply 70% to 80% of the energy required for rumen devel-
opment and host growth (Lv et al., 2019; Xue et al., 2020b). It is
worth noting that the rumen epithelium is a major site of absorp-
tion of the VFA produced by the rumen microbiota. The rumen
microbiome and epithelial function are not well developed in
young ruminants. With increasing age and the introduction of solid
feed, the rumen microbial community gradually matures and fer-
ments more VFA, which stimulates synchronous growth and
development of the rumen epithelium (Abdelsattar et al., 2022;
Chai et al., 2021). However, the biological mechanism bywhich VFA
regulate metabolic pathways during rumen epithelium develop-
ment is still unclear, and our understanding of hostemicrobe in-
teractions in the rumen remains incomplete.

Age, accompanied by dietary changes and weaning, significantly
impacts the function and metabolism of the rumen (Chai et al.,
2024b). From preweaning to postweaning, the rumen epithelial
capacity to absorb, transport, and metabolize VFA changes
dramatically (Malmuthuge et al., 2019). Generally, VFA derived
from the microbiota are transferred across the rumen epithelial
barrier via specific transporters or passive diffusion (Kirat et al.,
2007; Yohe et al., 2019). Then, after entering rumen epithelial
cells, they are metabolized into secondary metabolites, such as
ketones. Finally, the endmetabolites are transported into the blood,
where they are available for use by the host. Most previous studies
have investigated epithelial gene expression by transcriptome
sequencing. For instance, with increasing age, the expression of
genes related to cellular growth and proliferation, molecular
transport, the cell cycle, and so on increases in the rumen epithe-
lium (Baldwin Vi et al., 2021; Malmuthuge et al., 2019). In partic-
ular, acetyl-CoA acetyltransferase 1 (ACAT1), 3-hydroxybutyrate
dehydrogenase 1 (BDH1), 3-hydroxy-3-methylglutaryl-CoA lyase
(HMGCL), and 3-hydroxy-3-methylglutaryl-CoA synthase isoform 2
(HMGCS2) expression levels, which are associated with butanoate
metabolism, ketogenic biosynthesis, pyruvate metabolism, as well
as the tricarboxylic acid (TCA) cycle, are synchronized with rumen
development (Naeem et al., 2012; Sun et al., 2021; Wang et al.,
2016; Zhang et al., 2022; Zhuang et al., 2023a). Although the
above studies have shown that changes in both age and diet
significantly alter rumen epithelium gene expression, it remains
unclear whether age or diet is the most important factor promoting
rumen development in young ruminants. Furthermore, to date
there have been few reports of transcriptomic changes in the goat
epithelium from preweaning to postweaning that could reflect al-
terations in the rumen microbiota and VFA production. Moreover,
studies of the associations among host metabolites, rumen
epithelium gene expression, and alterations in molecular pathways
during growth and development are still lacking. Additionally,
complex hostemicrobe interactions in the rumen still need to be
clarified.

We hypothesized that the changes that occur in the goat rumen
microbiota and VFA production with increasing age influence
epithelial gene expression and metabolism, as well as rumen
development. Thus, in this study, we employed multi-omics (16S
sequencing to assess the rumen microbiota and transcriptomics
and metabolomics analyses of the rumen epithelium) with an in-
tegrated bioinformatics approach to comprehensively explore
hostemicrobe interactions and their roles in rumen development
in goat kids from the suckling period to postweaning. Furthermore,
we analyzed the signaling and metabolic pathways associated with
VFA production and epithelial morphology. The detailed

description of the molecular mechanisms underlying
hostemicrobe interactions in the rumen presented here may pro-
vide new insights into how to modulate rumen development and
improve ruminant productivity and health to meet global food
demands.

2. Materials and methods

2.1. Animal ethics statement

The study was approved by the Animal Ethics Committee of the
Chinese Academy of Agricultural Sciences (approval number: AEC-
CAAS-20200605; approval date: 5 June 2020).

2.2. Animals and experimental design

A total of 18 healthy, female, 30-d-old Haimen goat kids
weighing 5.79 ± 0.28 kg were included in this study. Six randomly
selected goat kids were weighed and humanely euthanized at d 30,
60, and 90, respectively, for sample collection. Frombirth to d 30, all
the goat kids lived with their dams and consumed breast milk as
their only food source. Beginning on d 30, the goat kids were also
given solid feed (nutrient content shown in Table S1). Subsequently,
each goat was weaned off breast milk at d 60 and moved into a
separate pen for raising to d 90. From d 30 to 90, the goat kids had
ad libitum access to water and solid feed, and their feed intakes
were recorded daily. During the experimental period, the feed was
refreshed every day, and the sheepfold was cleaned regularly to
ensure that the feed did not deteriorate and that the living envi-
ronment was tidy. Ambient noise and the number of people who
had access to the goats were also strictly controlled to avoid pro-
voking fear and stress in the goats. Veterinarians monitored the
goats’ physiology and wellbeing daily to ensure that they were
healthy.

2.3. Collection of rumen contents and rumen epithelial tissue

After each goat was euthanized, its abdominal cavity was
opened immediately, and the whole rumen was removed. A small
incision was made in the ventral sac with a scalpel, and the rumen
digesta (approximately 8mL per animal) was quickly collected with
a sterile beaker. The collected rumen digestawasmixed thoroughly,
divided into four, 2-mL aliquots, and stored at �80 �C in cryo-
preservation tubes for subsequent sequencing. Following this,
10 mL of rumen fluid was filtered from the remaining digesta
through four layers of gauze, placed in a 15-mL centrifuge tube, and
immediately frozen at �20 �C for later analysis of rumen fermen-
tation parameters.

Rumen epithelium samples from the bottom of the ventral sac
were collected within 10 min of euthanasia. Each epithelium
sample (approximately 10 cm2) was washed with bacteria-free PBS
(pH ¼ 7) to remove residue from the gaps between the papillae. A
2 cm � 2 cm section of the tissue sample (approximately 4 cm2)
was fixed in a 250-mL jar containing 10% neutral formalin solution
to detect epithelial morphology. The remaining epithelial tissue
was divided into two equal parts, snap frozen in liquid nitrogen,
and stored at �80 �C for epithelial transcriptomics and
metabolomics.

2.4. Starter feed nutrient composition analysis

The nutrient composition of the starter feed was analyzed using
Association of Official Analytical Chemists (AOAC) methods (AOAC,
2000). Specifically, starter samples were thawed overnight at room
temperature and dried in an oven at 65 �C for 48 h. Then, the
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samples were ground, passed through a 1-mm sieve, and dried in
an oven at 135 �C for 2 h (method 930.15; AOAC, 2000) to measure
the dry matter (DM) content. The ash content was determined after
the samples were heated at 600 �C for 6 h in a muffle furnace (SGM
M12-12, SIGMA Co., Ltd., Luoyang, China) (method 924.05; AOAC,
2000). The total nitrogen content of the starter samples was
measured using an Auto-Analyzer (Kjeltec sampler 8420, FOSS Co.,
Ltd., Hillerod, Denmark) after Kjeldahl digestion (method 950.36;
AOAC, 2000), and the crude protein (CP) content was calculated
using the following formula: 6.25 � N. The ether extract (EE)
content was defined as the DM weight loss after extraction with
diethyl ether in a Soxhlet extraction apparatus for 8 h (method
920.39; AOAC, 2000). The neutral detergent fiber (NDF) and acid
detergent fiber (ADF) contents were measured using an ANKOM
fiber analyzer (A2000i, American ANKOM, Macedon, NY, USA) (Van
Soest et al., 1991). Ca and P contents were determined using an
atomic absorption spectrometer (AAnalyst 300, PerkinElmer Inc.,
Boston, USA) (method 968.08; AOAC, 2000) after wet-ash digestion
with nitric and perchloric acid (method 935.13; AOAC, 2000).

2.5. Determination of rumen fermentation parameters and
morphology

The rumen fluid samples were thawed at 4 �C and then centri-
fuged at 2500 � g at room temperature. Next, 1 mL of the super-
natant per sample was transferred to a 1.5-mL centrifuge tube
containing 0.2 mL of metaphosphoric acid solution (25%, w/v),
cooled in an ice water bath at 4 �C for 30 min, and centrifuged at
10,000 � g at 4 �C. The resulting supernatant was collected and
stored at 4 �C for subsequent analysis. The VFA concentration was
detected using gas chromatography (GC－6800, Beijing Beifen
Tianpu Instrument Technology, Co., Ltd., Beijing, China).

Rumen epithelium tissue samples were dehydrated in an
ethanol gradient, embedded in paraffin, and sliced into 6-mm sec-
tions. The sections were then stained with hematoxylin and eosin
(H&E), and the rumen papilla structure was observed under a
light microscope at a magnification of 40 � 10 times (Olympus BX-
51, Olympus Corporation, Tokyo, Japan). An Image-Pro Express
image analysis processing system (Image-Pro Plus 6.0, Media Cy-
bernetics, Silver Spring, MD, USA)was used to observe andmeasure
the rumen papilla length, papilla width, lamina propria thickness,
and epithelial thickness. Three images of the rumen epithelium
from each goat were analyzed.

2.6. Rumen microbiota DNA extraction, 16S rRNA sequencing, and
bioinformatics analysis

A DNeasy PowerSoil Kit (Qiagen, Valencia, CA, USA) was used to
extract microbial DNA from the rumen content samples. DNA
quality was checked using a Thermo NanoDrop 2000 UV micro-
photometer and 1% agarose gel electrophoresis. The V3eV4 region
was amplified using adaptor-linked universal primers (341F: 5'-
CCTACGGGRSGCAGCAG-3'; 806R: 5'-GGACTACVVGGGTATCTAATC-
3') (Lin et al., 2019). Using diluted genomic DNA as a template, PCR
was performed using the high-fidelity enzyme from the KAPA HiFi
Hotstart ReadyMix PCR kit to ensure the accuracy and efficiency of
the amplification. The PCR products were run on an agarose gel and
purified using an AxyPrep DNA Gel Recovery kit (AXYGEN Inc.,
Union City, CA, USA). To rule out contamination from reagents,
negative controls for DNA extraction and PCR amplification were
included, and no PCR products from the negative controls were
detected on the agarose gel. The quality of the amplified DNA li-
brary was checked using a Thermo NanoDrop 2000 UV micro-
photometer and 2% agarose gel electrophoresis. A Qubit 2.0
Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) was

used to quantify the library. Amplicon libraries were sequenced
using an Illumina Miseq PE250 platform (Realbio Technology Ge-
nomics Institute, Shanghai, China).

Mothur software (version 1.39.1) (Kozich et al., 2013) was used
to process the raw sequences. Using the MiSeq SOP (https://
mothur.org/wiki/miseq_sop), contigs merge, quality-filtering,
alignment to the SILVA (v132) database, and clustering into oper-
ational taxonomic units (OTU) at the level of 97% similarity were
carried out. High-quality reads were identified by comparison to
the RDP (Ribosomal Database Project) database (Cole et al., 2009).

2.7. Transcriptomic sequencing and analysis of the rumen
epithelium

A total of 18 rumen epithelium samples were collected after
slaughter and used for transcriptomic analysis. Total RNA from the
rumen epithelial tissue was extracted using TRIzol reagent ac-
cording to the manufacturer's protocol (Invitrogen, CA, USA). To
ensure the RNA concentration and quality, the absorbed optical
density ratio of total RNA (OD260/280 between 1.80 and 2.10) was
measured using a NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, Madison, WI, USA), and RNA integrity was
confirmed by running the samples on a 1.4% agarose-formaldehyde
gel.

DNase I was used to eliminate double-stranded and single-
stranded DNA contaminants from all RNA samples, and mRNA
molecules were purified from total RNA using oligo (dT)-attached
magnetic beads. After fragmenting the mRNA of samples into small
pieces using a fragmentation reagent, first-strand cDNA was
generated using random hexamereprimed reverse transcription,
followed by second-strand cDNA synthesis. The synthesized cDNA
was subjected to end-repair and then was 30-adenylated. Adaptors
were ligated to the ends of these 30-adenylated cDNA fragments.
The ligated products were amplified by PCR with specific primers.
The PCR products were thermally denatured into a single strand,
and then the single-stranded DNA molecules were cyclized with a
single-segment bridge primer to obtain a single-strand cyclic DNA
library using a BGISEQ-500 platform (The Beijing Genomics Insti-
tute, Shenzhen, China). The quality of the constructed library was
verified, and then sequencing was carried out. The RNA library was
sequenced at Beijing Genomics Institute (BGI) Co., Ltd. A Pacbio RS II
sequencer (Pacific Biosciences, CA, USA) was used to obtain 150-bp
paired-end reads, according to the manufacturer's instructions.

After quality control of raw reads, HISAT2 was used to align the
clean reads to the host genome. StringTie (version 1.3.4d) was used
to map reads to describe the expression levels of the gene tran-
scripts. Then, we used the fragments per kilobase of transcript per
million fragments mapped (FPKM) method to calculate gene
expression levels. Differentially expressed genes (DEGs) were
identified by the DESeq method, with the following threshold
values: log2 (fold change) � 1 and P < 0.05. Only genes whose
expression levels were above the detection threshold (FPKM > 0.1
for each sample) were subjected to further analysis. Gene Ontology
(GO) enrichment and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses were carried out using KOBAS (version
3.0).

2.8. Rumen epithelium metabolite identification and quantification

The metabolites in the 18 rumen epithelium samples were
measured using non-targeted metabolomics technology. In total,
100mg of each samplewas ground to a powder using a SCIENTZ-48
tissue grinder (SCIENTZ, Ningbo, China). Then, the rumen powder
was transferred to a 5-mL tube and mixed with 2 mL of tissue
extraction fluid (75% methanol and 25% ddH2O) and three steel
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beads. The mixture was ultra-sonicated at room temperature for
30min and chilled on ice for 1 h, then centrifuged at 4 �C for 20min
at 6000 � g. The supernatants were then transferred into 2-mL
centrifuge tubes and vacuum-dried. The resulting samples were
dissolved in 200 mL of 2-chlorobenzalanine (4 mg/L) 50% acetoni-
trile solution each, and the supernatants were passed through 0.22-
mm filters. A quality control sample was generated by mixing equal
volumes (20 mL) from each sample to calibrate the results. The
remaining samples were subjected to LC-MS detection using a
Thermo Q Exactive Plus (Thermo Fisher Scientific, Waltham, MA,
USA) and a Thermo Vanquish (Thermo Fisher Scientific, Waltham,
MA, USA) to detect the metabolites.

2.9. Statistical analyses

One-way ANOVA, performed using SPSS 19.0 (SPSS Inc., Chicago,
IL, USA), was used to identify differences in rumen fermentation
parameters and rumen epithelial morphology. Bar charts were
created using GraphPad 8.0 software. Alpha diversity (Shannon and
Chao1 indices) among the groups was assessed using the
KruskaleWallis test and post hoc Dunn KruskaleWallis multiple
comparison with Bonferroni correction. Beta diversity based on
BrayeCurtis distances was assessed by analysis of similarity
(ANOSIM). The diversity analysis outputs were visualized using the
“ggplot2” package in R (version 3.6.0).

Multiple co-inertia analysis (MCIA) was performed using the R
‘omicade4’ package (v1.26.0) to detect general associations among
the rumen microbiota, host transcriptome, and rumen epithelial
metabolomics based on a custom script (Meng et al., 2014). Pro-
crustes analysis of pair-wise omics datasets was performed using
Tutools (http://www.cloudtutu.com), a free online data analysis
website. Procrustes analysis was performed as follows: 1) the
dimensionality of the original data was reduced; 2) based on the
dimensionality reduction result distribution map, we super-
imposed the sample distribution of two groups of academic data in
the same low-dimensional space and calculated the sum of square
deviation (M2 value) between the point coordinates; 3) the sample
point distribution was disrupted, and the M2 value and the signif-
icant P value were recalculated based on the occurrence probability
of the original M2 value in the sampling distribution; 4) the devi-
ation between the corresponding point coordinates was estimated.
The smaller the vector residual, the higher the consistency between
the two datasets.

The linear discriminant analysis (LDA) effect size (LEfSe), an
analytical tool for discovering and interpreting biomarkers in high-
dimensional data, was used to identify signature microbiota com-
ponents and metabolites that were characteristic of the three
different age groups. An LDA score > 2 was considered to indicate a
significant effect size. The abundances of the signature microbiota
components and metabolites were visualized with heat maps and
ridgeline plots using the “pheatmap” and “ggridges” functions in R,
respectively.

The weighted gene co-expression network analysis (WGCNA)
algorithm in the R package (Langfelder and Horvath, 2008) was
used to identify genes related to animal phenotypic traits, including
age, epithelium morphology, and VFA concentration, with the
following settings: sftpower ¼ 14; minModuleSize ¼ 100; and
mergeCutHeight ¼ 0.25. The gene network was visualized using
Cytoscape (version 3.7.1, Bethesda, MD, USA). Hub genes in the
network were selected using the MCODE plugin in Cytoscape
(version 2.0) with programmed parameters (degree cutoff: 2; K-
Core: 2; and max depth: 100).

Analysis of metabolite traceability and enrichment was per-
formed using MetOrigin (Yu et al., 2022). On the MetOrigin online
server, we selected the Simple MetOrigin Analysis (SMOA) mode,

which requires a list of metabolites with KEGG or HMDB IDs. SMOA
identifies the origins of metabolites based on seven well-known
metabolite databases. After loading the dataset, MPEA analysis
was carried out, and a bar plot was produced that summarized the
total number of metabolites produced by the host, by the micro-
biota, by co-metabolism, and others.

Spearman's analysis was performed to calculate the correlations
between signature microbiota components, rumen phenotypes,
critical genes, and metabolites using the “psych” package in R, and
the four-level vertical regulatory network was visualized using
Cytoscape. Only significant connections (P < 0.05, |r| > 0.5) were
shown in the network.

3. Results

3.1. Temporal dynamics of rumen microbiota

Regarding alpha diversity, there was no significant difference in
microbial richness (Chao1 index) or diversity (Shannon index)
across the three ages (Fig. 1A). Regarding beta diversity, distinct
clusters among ages were observed (P < 0.05). A temporal transi-
tion in the microbial community was found on the principal coor-
dinate analysis (PCoA) plot based on BrayeCurtis distance, as the
ANOSIM R-value was bigger between goats at 30 d of age (D30) and
goats at 90 d of age (D90) (P < 0.05) (Fig. 1B; Table S2).

At the phylum level, Bacteroidetes, Firmicutes, and Proteobac-
teria were the predominant phyla across all ages (Fig. S1A). At the
genus level, the rumen microbiota composition showed marked
changes with age. For instance, the dominant genera on D30 were
Bacteroides (7.39%), Escherichia_Shigella (9.36%), and Alloprevotella
(6.40%), while the dominant bacteria on D90 were Prevotella
(44.23%), and Succinivibrio (24.73%) (Fig. S1B).

LEfSe analysis was performed to identify age-associated changes
in the rumen microbiota at the genus level, and heatmaps were
generated to visualize the dynamic changes in these age-associated
bacteria across the three different ages (P < 0.05) (Fig. 1C). On d 30,
the Escherichia_Shigella, Actinobacillus, Actinomyces, and Alloprevo-
tella genera were most abundant. During weaning of goats at 60 d
of age (D60), Ruminococcus, Fibrobacter, Butyrivibrio, and Blautia
were enriched. After weaning (D90), Prevotella, Dialister, Mega-
sphaera, Olsenella, Roseburia, Acidaminococcus, Sharpea, and Oscil-
libacterwere identified as signature bacteria, and their abundances
increased with age.

3.2. The growth performance, rumen environment and epithelial
development associated with age

As expected, goat kid growth performance indicators, including
body weight (BW), starter feed dry matter intake (DMI), and
average daily gain (ADG) (P < 0.05), differed significantly with age
(Table S3). With increasing age, the total VFA concentration
increased significantly (P < 0.001) (Table 1). The concentrations of
acetate, propionate, butyrate, and isovalerate were significantly
higher on D90 than on D30 and D60 (P < 0.001). In addition, the
rumen epithelium developed significantly from D30 to D90
(Fig. 2A). The length and width of the epithelial papillae, muscle
thickness, and epithelial thickness were increased significantly on
D90, after the introduction of solid feed (D30) and weaning (D60)
(P < 0.05) (Fig. 2B).

Next, we calculated Spearman correlations among rumen
microbiota, rumen fermentation parameters, and epithelial
morphology (Fig. 2C). The D30 signature microbiota components,
such as Escherichia_Shigella, Actinobacillus, and Actinomyces, were
negatively correlated with rumen fermentation parameters and
epithelial morphology, while the enriched genera on D90 (i.e.,
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Prevotella, Dialister, Olsenella, Roseburia, Acidaminococcus, Mega-
sphaera, and Sharpea) were positively correlated with both rumen
fermentation parameters and epithelial morphology (P < 0.05).

3.3. Rumen epithelial transcriptome changes with age

Transcriptomic analysis was performed to determine changes in
gene expression in the rumen epithelium with age. A total of
88.48 Gb of clean data were generated, with an average of 4.92 Gb
per sample. The structure of the rumen epithelial transcriptome
showed significant clusters at different ages (Fig. S2). Significantly
DEGs were also found among the three ages (P < 0.05). Compared
with D30, there were 2590 DEGs (710 up-regulated genes and 1880
down-regulated genes) on D60 (Fig. 3A) and 2820 DEGs (601 up-
regulated genes and 2219 down-regulated genes) on D90
(Fig. 3B). Compared with D60, there were 766 DEGs (375 up-
regulated genes and 391 down-regulated genes) on D90 (Fig. 3C).
These DEGs were related to “protein binding”, “plasmamembrane”,
“integral component of plasma membrane”, “inflammatory
response”, and “collagen-containing extracellular matrix” based on
GO analysis (Table S4; Table S5; Table S6).

Fig. 1. Changes in rumen microbiota with age. (A) The changes in Chao1 and Shannon indexes of rumen microbiota with age. (B) PCoA based on BrayeCurtis distance between
rumen microbiota at d 30, 60 and 90. (C) Heatmap depicting the age-associated genera identified by LEfSe algorithm. The abundance of microbiota from high to low is indicated by
red to blue in the heatmap. PCoA ¼ principal coordinates analysis; LEfSe ¼ linear discriminant analysis effect size; D30 ¼ goats at 30 d of age; D60 ¼ goats at 60 d of age;
D90 ¼ goats at 90 d of age.

Table 1
The concentrations of VFA of goat kids at different ages (mmol/L).

Item Groups1 SEM P-value

D30 D60 D90

Total VFA 20.45b 43.38b 113.75a 11.580 <0.001
Acetate 13.73b 28.55b 61.70a 6.100 <0.001
Propionate 3.84b 7.31b 35.74a 4.128 <0.001
Butyrate 2.29b 5.74b 13.73a 1.427 <0.001
Isobutyrate 0.28 0.66 0.73 0.090 0.108
Isovalerate 0.30b 1.12ab 1.86a 0.221 <0.001

VFA ¼ volatile fatty acid.
a,b Values in a row with no common superscripts differ significantly (P < 0.05).

1 D30¼ goats at 30 d of age; D60¼ goats at 60 d of age; D90¼ goats at 90 d of age.
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Next, WGCNAwas performed to identify correlations among the
high-dimensional host transcriptome dataset and animal pheno-
types (i.e., rumen fermentation parameters and epithelial
morphology). A total of 18,062 host genes were assigned to 12
modules (numbered ME1eME12). We found that host genes in the
ME2 module (261 genes; 1.44% of total genes) correlated positively
with most of the goats’ phenotypic traits (P < 0.05) (Fig. 3D). Using
the MCODE plugin in Cytoscape, the hub genes (i.e., HMGCL, enoyl-
CoA hydratase, short chain 1 (ECHS1), propionyl-CoA carboxylase
subunit alpha [PCCA], and hydroxyacyl-CoA dehydrogenase
[HADH]) in the ME2 module were identified as core nodes con-
necting other genes (Fig. 3E). In addition, KEGG enrichment anal-
ysis showed that the genes in the ME2 module were mainly

enriched in the “butanoate metabolism”, “propanoate meta-
bolism”, “synthesis and degradation of ketone bodies”, and “valine,
leucine and isoleucine degradation”metabolic pathways (shown in
red) and in signaling pathways (shown in blue) such as “peroxi-
some”, “oxidative phosphorylation”, “protein kinase AMP-activated
catalytic subunit alpha 1 (AMPK) signaling pathway” and “PPAR
and mTOR signaling pathway” (P < 0.05) (Fig. 4A). Visualization of
associations between the hub genes and important KEGG-
predicted pathways (Fig. 4B) showed that HMGCS2 was associated
with “synthesis and degradation of ketone bodies”, “butanoate
metabolism”, and the “PPAR and mTOR signaling pathway”. BDH1
was associated with “synthesis and degradation of ketone bodies”
and “butanoate metabolism”. ECHS1 was linked with “butanoate

Fig. 2. Rumen phenotypes and their relationship with the signature genera. (A) Rumen development regularity of rumen epithelial morphology of goat kids at different ages. The
images are displayed via a light micrograph with objective lens (magnification 400�, scale bar ¼ 100 mm). (B) The parameters of rumen epithelium of goat kids at different ages. (C)
The Spearman correlations between signature genus and rumen phenotype. Only the significant correlations were marked (*P < 0.05, **0.01< P < 0.05, ***P < 0.01). D30 ¼ goats at
30 d of age; D60 ¼ goats at 60 d of age; D90 ¼ goats at 90 d of age.
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metabolism”, “fatty acid metabolism” and “Propanoate meta-
bolism”. PPARG was correlated with the “PPAR and AMPK signaling
pathway”. The adenosine triphosphate (ATP) synthase peripheral
stalk subunit F6 (ATP5PF) gene was linked with “metabolic path-
ways” and “oxidative phosphorylation”. The ring finger protein 152
(RNF152) and Ras-related GTP binding D (RRAGD) genes were
associated with the “mTOR signaling pathway”.

Based on the results of the microbiota, VFA production,
epithelial transcriptomics, and morphology analyses, we briefly
summarized the possible biological mechanism by which the
microbiota regulates rumen epithelial development (Fig. S3). With
increasing age, the rumenmicrobiota, including Prevotella, Dialister,
Roseburia, Megasphaera, and Sharpea, increase in abundance and
produce more VFA (i.e., acetate, propionate, and butyrate), which
could regulate signaling or metabolic pathways, such as the “PPAR
and mTOR signaling pathway,” “propanoate metabolism” pathway,
and “butanoate metabolism” pathways, through up- or down-
regulation of major genes (i.e., HMGCS2, PPARG, ECHS1, RNF152).

For instance, butyrate could stimulate expression of PPARG and
HMGCS2, which encode components of the PPAR signaling
pathway. This could then activate the “synthesis and degradation of
ketone bodies” and “butanoate metabolism” pathways. At the same
time, genes associated with the “oxidative phosphorylation”
signaling pathway are up-regulated to provide energy for the cor-
responding metabolic pathways. Finally, alterations in these path-
ways can cause significant modulations in rumen development,
such as increased papilla length and width and improved epithelial
and muscle thickness, as observed in this study. We next analyzed
the metabolomics of the rumen epithelial tissue from D30, D60,
and D90 to validate these predicted biological processes.

3.4. Rumen epithelial metabolomics are influenced by age

A total of 657 metabolites were detected in the rumen epithe-
lium using non-targeted LC-MS based metabolomics. The compo-
sition and structure of the metabolome showed distinct differences

Fig. 3. The identification and analysis of phenotype-related genes in host transcriptome. The volcano plot of differentially expressed genes inpair-wise comparisons of D30 vs. D60 (A),
D30 vs. D90 (B) andD60 vs. D90 (C). The reddots represent the up-regulated genes, the blue dots represent the down-regulated genes, and the grey dots represent unchanged genes. (D)
The association betweenweighted gene co-expression network analysis (WGCNA)modules of the host transcriptome and animal phenotype. (E) The core network of hub genes inME2
module. HADH ¼ hydroxyacyl-CoA dehydrogenase; PCCA ¼ propionyl-CoA carboxylase subunit alpha; PRXL2A ¼ anti-PRXL2A rabbit polyclonal antibody; HMGCL ¼ 3-hydroxy-3-
methylglutaryl-CoA lyase; RND2 ¼ Rho family GTPase 2; ECHS1 ¼ Enoyl-CoA hydratase, short chain 1; GGT1 ¼ gamma-glutamyltransferase 1; IVD ¼ isovaleryl-CoA dehydrogenase;
TSFM¼ Ts translation elongation factor, mitochondrial; FMO5¼ flavin containing dimethylanilinemonoxygenase 5; ANKRD10¼ ankyrin repeat domain 10; CISD3¼ CDGSH iron sulfur
domain 3; BHLHE23 ¼ basic helix-loop-helix family member e23. ME ¼ module; D30 ¼ goats at 30 d of age; D60 ¼ goats at 60 of age; D90 ¼ goats at 90 d of age.
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among D30, D60, and D90 (Fig. 5A, Table S7). Using LEfSe analysis,
we identified a total of 309 differentially abundant metabolites
across the three ages (P < 0.05) (Fig. 5B). Some metabolites,
including D-Galactose, Glucose 6-phosphate and alpha-D-Glucose,
were enriched on D30 and decreased in abundance with age. Next,
we classified the age-associated metabolites into major biological
molecule types (Fig. 5C). We found that the concentration of amino
acid metabolites increased gradually with age (D30: 19.19%; D60:
23.96%; D90: 25.66%), while metabolites associated with carbohy-
drates showed the opposite pattern (D30: 16.16%; D60: 8.33%; D90:
7.08%).

Next, MetOrigin analysis was performed to determine the
sources of epithelial metabolites; that is, whether they were pro-
duced by the host, bacteria, or both. We found that 101 of the 657
detected metabolites were produced by the microbiota, 240 by the
host, and 220 by both the host and the microbiota (Fig. S4). To
better characterize the important metabolites related to age, LEfSe
outputs were also determined using MetOrigin analysis (Fig. S5). A
total of 58 metabolites, including homoisocitrate, D-arabinose, and
indican, were annotated as having a microbiota origin. In contrast,
the host-related metabolites included 114 age-related metabolites,
such as D-galactose, glucose 6-phosphate, alpha-D-glucose, (R)-3-

Fig. 4. The function analysis of genes in WGCNA ME2. (A) KEGG pathway enrichment analysis for the ME2 module genes. The significant pathways related to nutrition metabolism
are marked in red, and the pathways related to signal transduction are marked in blue. (B) The association network of KEGG pathways and related genes. The nodes of the metabolic
pathway are in orange, and its related genes are in green. The nodes of signaling pathways are in deep blue, and its related genes are in light blue. The critical pathway and gene
name are marked in red. WGCNA ¼ the association between weighted gene co-expression network analysis; ME ¼ module; KEGG ¼ Kyoto Encyclopedia of Genes and Genomes.
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hydroxybutyric acid (BHBA), acetoacetic acid (ACAC), and capric
acid.

KEGG enrichment analysis of host metabolites were performed.
On D30, before weaning, “galactose metabolism” was the most
abundant metabolic pathway, as demonstrated by enrichment in
the following metabolites: D-galactose, glucose 6-phosphate,
alpha-D-glucose, D-glucose, D-glucuronic acid, and glucuronic acid
(Fig. 6A and B). On D60, amino acid metabolic pathways were
identified as the signature metabolic pathways, such as the
“glutathione metabolism,” “valine, leucine and isoleucine biosyn-
thesis,” and “arginine biosynthesis” pathways, owing to the higher
abundances of L-glutamic acid, L-cysteine, L-lactic acid, and
fumaric acid (Fig. 6C and D). However, on D90, the pathways related
to “butanoate metabolism” and “synthesis and degradation of ke-
tone bodies” were dominant, with increased abundance of me-
tabolites such as BHBA, ACAC, and pyruvic acid (Fig. 7E and F). In
addition, these age-related metabolites were the hub nodes asso-
ciated with metabolic pathways and other metabolites
(Fig. 6BeD, F).

3.5. Associations among the rumen microbiota, the epithelial
transcriptome, and the metabolome

To identify novel associations among the rumen microbiota, the
epithelial transcriptome, and the metabolome, we performedMCIA
(Meng et al., 2014) which can assess relationships and trends in
multiple high-dimensional datasets by projecting them to the same
dimensionality (Fig. S6). The different datasets (rumen content
microbiota, host transcriptome, and metabolome) from each ani-
mal were visualized as being connected by lines, with the length of
the lines representing the degree of difference between the data-
sets. All three datasets showed good consistency on D30, D60, and
D90. There were clear distances between datasets from different
timepoints that increased with age (Fig. S6A). In addition, the
pseudo-eigenvalues that were correlated with the first two PCs of
each dataset were calculated to describe the contribution of each
dataset to the total variance and correlation between different
datasets. The host transcriptomics explained the massive variation
in both axis 1 and axis 2, and the rumen microbiota explained the

largest variation in axis 1 (Fig. S6B). There may be a stronger cor-
relation between the rumenmicrobiota and the host transcriptome
than between the rumen microbiota and the epithelial metab-
olome, as indicated by their close distance at axis 1.

In addition, using Procrustes analysis, we found that the
epithelial transcriptome was correlated significantly with the
rumen microbiota (M2 ¼ 2.0858, P ¼ 0.011, Fig. S7A) and the
epithelial metabolome (M2 ¼ 1.1859, P ¼ 0.007) (Fig. S7B) regard-
less of age, while there was no significant association between the
rumen microbiota and the epithelial metabolome, consistent with
the MCIA results (Fig. S7C).

3.6. Diet shapes age-specific host metabolomics in young ruminants

Permutational multivariate analysis of variance (PERMANOVA)
was performed to identify the mechanism underlying the assembly
of the rumen microbiota, the epithelial transcriptome, and the
metabolome. Factors including age, diet, VFA production, and
epithelial morphology, were examined (Table 2). We first per-
formed PERMANOVA using univariate models. Age was the signif-
icant factor influencing the rumen microbiota and the epithelial
transcriptome, with 18.24% and 21.11% variation, respectively, fol-
lowed by diet, with 8.09% and 16.25% variation, respectively
(P < 0.05) (Table 2(a)). However, for epithelial metabolomics, diet
was the most important factor in the multivariate model, with
27.76% variation, while age explained 15.78% of the variation
(P < 0.05).

In another PERMANOVAmodel constructed to determine which
nutrients in the diet contributed most to rumen development, -
consumption had the strongest effect on shaping the rumen
microbiota, the epithelial transcriptome, and the metabolome,
followed by ADF intake. Specifically, NDF from a solid diet was the
major factor driving rumen development (P < 0.05) (Table 2(b)).

Next, we evaluated the impact of VFA and epithelial morpho-
logical parameters on the rumen microbiota, the epithelial tran-
scriptome, and the metabolome and found that butyrate and
papillae height had significant effects on these three high-
dimensional datasets were. Moreover, propionate had significant
effects on the rumen microbiota and the epithelial metabolome,

Fig. 5. The changes in rumen epithelial metabolism with age. (A) PCoA of BrayeCurtis distances between rumen epithelial metabolism profile at different ages. (B) The identi-
fication of age-related metabolites using LEfSe. The abundance of metabolites from high to low is indicated by yellow to blue in the heatmap. (C) The composition of age-related
metabolites at higher classification level. PCoA ¼ principal-coordinate analysis; LEfSe ¼ linear discriminant analysis effect size; D30 ¼ goats at 30 d of age; D60 ¼ goats at 60 d of
age; D90 ¼ goats at 90 d of age.
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Fig. 6. The functional analysis of age-related metabolites derived from host. (A-B) KEGG pathway enrichment analysis of metabolites and its association network on D30 (C-D)
KEGG pathway enrichment analysis of metabolites and its association network on D60. (E-F) KEGG pathway enrichment analysis of metabolites and its association network on D90.
The major metabolic pathways are marked in red on the bubble chart and the nodes of signature metabolites are marked in light yellow in the association network. The critical
metabolites are marked in red. KEGG¼ Kyoto Encyclopedia of Genes and Genomes; D30 ¼ goats at 30 d of age; D60 ¼ goats at 60 d of age; D90 ¼ goats at 90 d of age.
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explaining about 11% and 14% of the variation, respectively
(P < 0.05) (Table 2(c)).

3.7. The rumen microbiota and its metabolites (VFA) improve
epithelial gene transcription and metabolism

We further assessed how rumen VFA influence gene expression
and the abundance of related metabolites by mapping the major
‘butanoate metabolism’ and ‘propanoate metabolism’ KEGG path-
ways that were identified as being activated with age by both
epithelial transcriptomics and metabolomics (Fig. 7). In the ‘buta-
noate metabolism’ pathway, the expression of six genes (ACAT1,
HMGCS2, HMGCL, BDH1, ECHS1, and HADH) related to the ketone
synthesis sub-pathway and the abundance of four metabolites (L-
glutamate, 2-oxoglutarate, and the ketone bodies acetoacetate and

(R)-3-hydroxybutanoic acid) were increased significantly on D60
and D90 compared with D30, resulting in increased conversion of
NADH to NADþ, which provides energy for epithelial growth
(P < 0.05) (Fig. 8A). In the ‘propanoate metabolism’ pathway, the
expression levels of five genes (ECHS1, malonyl-CoA decarboxylase
(MLYCD), propionyl-CoA carboxylase subunit beta [PCCB], PCCA, and
MCEE) and the abundance of fourmetabolites (L-lactic acid, glycerol
3-phosphate, acryloyl-CoA, and 3-oxopropanoate) were also
increased significantly on D60 and D90 compared with D30
(Fig. 8B).

Finally, the complex interactions among the rumen microbiota,
VFA, the epithelial transcriptome, and the metabolome within a
four-level vertical regulatory network were assessed using the
Spearman algorithm (Fig. 8). Rumen microbiota components,
including Prevotella, Dialister, and Roseburia, that increased in

Fig. 7. The identification of signature metabolic pathways combined outputs from rumen epithelial transcriptome and metabolomics. (A) Butanoate metabolism (B) Propanoate
metabolism. The genes and metabolites in red represent their active expression with age. The histogram indicates the expression levels of these genes at different ages. (*P < 0.05,
**0.01< P < 0.05, ***P < 0.01). ECHS1 ¼ enoyl-CoA hydratase, short chain 1; ACAT1 ¼ acetyl-CoA acetyltransferase 1; HADH ¼ hydroxyacyl-CoA dehydrogenase; HMGCS1 ¼ 3-
hydroxy-3-methylglutaryl-CoA synthase 1; HMGCS2 ¼ 3-hydroxy-3-methylglutaryl-CoA synthase 2; HMGCL ¼ 3-hydroxy-3-methylglutaryl-CoA lyase; NADH ¼ nicotinamide
adenine dinucleotide; MLYCD ¼ malonyl-CoA decarboxylase; PCCB ¼ propionyl-CoA carboxylase subunit beta; PCCA ¼ propionyl-CoA carboxylase subunit alpha;
MCEE ¼ methylmalonyl-CoA epimerase. D30 ¼ goats at 30 d of age; D60 ¼ goats at 60 d of age; D90 ¼ goats at 90 d of age.

Table 2
PERMANOVA analysis of the factors affecting the rumen microbiota, epithelial transcriptome, and epithelial metabolomics (multivariate models)1.

Rumen microbiota R2 P-value Host transcriptome R2 P-value Host metabolomic R2 P-value

(a)
Age 18.24 0.001 Age 21.11 0.001 Age 15.78 0.002
Diet 8.09 0.069 Diet 16.25 0.005 Diet 27.76 0.001
(b)
NDF intake 18.27 0.001 NDF intake 21.54 0.002 NDF intake 29.50 0.001
ADF intake 8.02 0.066 ADF intake 15.62 0.005 ADF intake 13.94 0.002
(c)
Butyrate 11.99 0.006 Butyrate 14.8 0.043 Butyrate 13.30 0.014
Propionate 10.92 0.003 Propionate 2.36 0.828 Propionate 13.69 0.011
Acetate 4.75 0.511 Acetate 3.09 0.712 Acetate 5.64 0.219
Papillae height 8.11 0.040 Papillae height 17.14 0.026 Papillae height 11.29 0.023
Papillae width 3.59 0.831 Papillae width 2.24 0.876 Papillae width 4.90 0.344
Muscle thickness 5.84 0.258 Muscle thickness 1.93 0.907 Muscle thickness 4.63 0.419
Epithelial thickness 8.00 0.048 Epithelial thickness 12.75 0.085 Epithelial thickness 3.28 0.700

PERMANOVA ¼ permutational multivariate analysis of variance; NDF ¼ neutral detergent fiber; ADF ¼ acid detergent fiber.
1 PERMANOVA analysis was performed with three sequential orders listed in the Table: (a) age þ diet; (b) NDF intake þ ADF intake; (c)

butyrate þ propionate þ acetate þ papillae height þ papillae width þ muscle thickness þ epithelial thickness þ cuticle thickness.
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abundance with age showed the most positive correlations with
VFA (butyrate, acetate, propionate) (P < 0.05). Butyrate served as a
hub node connecting age-related signature microbiota and critical
epithelial genes at level 2. At level 3, HMGCS2, PPARG, and ECHS1
served as a bridge linking VFA and epithelial metabolites ((R)-3-
hydroxybutanoic acid, L-lactic acid, etc.). The hub genes and me-
tabolites at levels 3 and 4 were strongly associated with rumen
development (P < 0.05). Altogether, these findings suggest that VFA
derived from the rumen microbiota could influence the expression
of rumen epithelium genes, thereby impacting epithelial meta-
bolism and resulting in improved growth of the rumen epithelium.

4. Discussion

Although our understanding of the rumen microbiome and
tissue development during early life is increasing (Chai et al., 2021;
Malmuthuge et al., 2019), the interactions between the microbes
and host at different ages remain unclear. In this study, we inte-
grated analyses of the rumen microbiota, the epithelial tran-
scriptome, and the metabolome from preweaning to postweaning
in goats to explore interactions between the ruminal microbiota
and the host. Our results confirmed that the abundance of rumen
microbiotaederived VFA (butyrate, acetate, propionate) increased
with age and solid diet intake, resulting in “increased activation of
the “propanoate metabolism” and “butanoate metabolism” path-
ways via up-regulation of gene expression and metabolites in the
rumen epithelium, which subsequently promoted rumen devel-
opment. Moreover, to our knowledge, this is the first study to
validate the temporal association between rumenmicrobes and the
host transcriptome by performing epithelial metabolomics anal-
ysis. Our findings suggest that microbiota-derived VFA regulate
host gene expression and metabolism.

Changes in the structure and diversity of the rumen microbiota
with age have been reported previously (Jiao et al., 2024; Yin et al.,
2021) and were also found in our study. Dynamic adjustment of
dietary intake is likely the main reason for these changes, as the
goats’ diet changed frommilk plus starter to only starter frompre- to
postweaning (Abdelsattar et al., 2022; Meale et al., 2016). Corre-
spondingly, the abundance of some bacteria changed (Mizrahi et al.,
2021; Moraïs and Mizrahi, 2019). For instance, the genera Actino-
bacillus and Petrimonas decreased in abundance with age. Actino-
bacillus can ferment succinic acid from monosaccharides such as
glucose and galactose, which provide the substrate for the tricar-
boxylic acid cycle (Chang et al., 2015; Karama et al., 2020). Petri-
monas can ferment sugars and amino acids to acetate and propionic

acid (Maus et al., 2020). The abundance of certain microbes,
including Blautia, Butyrivibrio, Fibrobacter, and Ruminococcus, which
produce VFAvia degradation of dietary fiber (Liu et al., 2021; Paillard
et al., 2007), was specifically enriched on D60. Other microbes, such
as Prevotella, Megasphaera, Roseburia, and Sharpea, increased in
abundance with age and were positively correlated with VFA con-
centrations. Prevotella is an efficient user of fiber and non-fiber
carbohydrates, and is involved in degrading oligopeptides into
amino acids (Li et al., 2020). Megasphaera is an important genus in
the rumen that metabolizes lactate in animals fed a high-
concentrate diet (Chen et al., 2019). Roseburia can produce VFA,
especially butyrate (Zhao et al., 2022). Changes in dietary compo-
nents could stimulate the metabolic activity of Roseburia (Imhann
et al., 2018; Van den Abbeele et al., 2013). Sharpea induces acido-
genic bacteria to consume lactic acid, which produces acetate and
butyrate, and the abundance of this genus increased when the goats
were fed with starter (Kamke et al., 2016; Lin et al., 2019). Therefore,
frompreweaning to postweaning, age and consumption of solid feed
shapes the structure and composition of the rumen microbiota.

Transcriptomics has been used previously to study the rumen
epithelial tissue (Connor et al., 2013; Lin et al., 2019). In this study,
we found that the temporal changes in rumen epithelial gene
expression were correlated with age and animal phenotypes.
Through KEGG annotation, we found that these hub genes were
associated with metabolomic pathways involved in VFA and amino
acid production, which is consistent with previous studies (Chai
et al., 2021; Li et al., 2012; Lin et al., 2019). Notably, up-regulation
of genes related to the oxidative phosphorylation signaling
pathway was also observed in this study, implying that VFA might
play multiple important roles in epithelial development and
metabolism (Beaumont et al., 2020; Coutzac et al., 2020). Therefore,
microbiota-derived VFA could regulate the epithelial transcriptome
to improve rumen development.

The use of non-targeted metabolomics in this study was
intended to enable quick and reliable classification of small
molecule biomarkers for age-related characteristics of the rumen
epithelium. Many studies have performed microbial metabolomics
analyses to identify hostemicrobe interactions, since microbial
metabolites in the gut can enter the host tissues and circulation
(Han et al., 2021). In ruminants, metabolomics analysis has only
rarely been used to study the rumen. Several studies have focused
on rumen microbial metabolomics (Lin et al., 2019; Wang et al.,
2023; Xue et al., 2020a), while only one study assessed rumen
epithelial metabolomics and found that pyruvate metabolism in
the goat epithelium was enriched by high-grain diets compared

Fig. 8. Network analysis of the interaction among rumen microbiota, rumen phenotypes, epithelial transcriptome and metabolomics. Nodes in red represent the signature genera at
different ages. Nodes in dark blue represent the animal phenotypes. Nodes in light blue represent critical genes related to rumen epithelial development. Nodes in orange represent
the signature metabolites at different ages. The size of nodes represents the degree of connection, and the color of the line represents the positive (red) or negative correlation
(blue). VFA ¼ volatile fatty acid; HMGCL ¼ 3-hydroxy-3-methylglutaryl-CoA lyase; HMGCS2 ¼ 3-hydroxy-3-methylglutaryl-CoA synthase 2; PPARG ¼ peroxisome proliferator
activated receptor gamma; ATP5PF ¼ ATP synthase peripheral stalk subunit F6; BDH1 ¼ 3-hydroxybutyrate dehydrogenase 1; RRAGD ¼ Ras related GTP binding D; RNF152 ¼ ring
finger protein 152; ECHS1 ¼ enoyl-CoA hydratase, short chain 1.
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with a hay diet (Guo et al., 2019). Consistent with our tran-
scriptomics data, we also observed changed in epithelial metab-
olomics from preweaning to postweaning. The signature
metabolites for D30 were alpha-D-Glucose, Glucose 6-phosphate,
D-Glucose, and D-Galactose, which were enriched in the galactose
metabolism pathway. As breast milk is the only nutrient source
before D30, it is not surprising that these lactose secondary
products accumulated in the rumen epithelium. During weaning,
rumen epithelial metabolites were enriched with more active
amino acids, including L-glutamic acid, L-cysteine, and L-lactic
acid, which are associated with the glutathione metabolism,
valine, leucine, and isoleucine biosynthesis, and arginine biosyn-
thesis metabolic pathways. This may be due to cellular growth and
biosynthesis in the rapidly developing rumen. Furthermore, on
D90 after weaning, BHBA and ACAC abundances were increased in
the rumen epithelium. The mature epithelium can provide two-
thirds of the energy that the host needs by converting butyrate
to BHBA (in a process known as ketogenesis) (Xue et al., 2020b).
As products of ketogenesis, BHBA and ACAC are considered
important hallmarks of rumen epithelium development (Wang
et al., 2016). Therefore, corresponding with a dietary change
from milk to a solid diet, butyrate-based ketone body metabolism
replaced glucose metabolism as the primary form of metabolism
in the mature rumen epithelium.

Rumen development is affected by multiple factors such as host
genetics, age, diet, weaning, environment, health, disease, and
antibiotics (Chai et al., 2024a). Our previous study confirmed that a
solid feed, and especially NDF content, is the main factor

influencing rumen microbiota structure and the epithelial tran-
scriptome in goat kids on d 60 (Chai et al., 2021). However, the
effect of age was not considered. In this study, we found that age
was the most important factor influencing the rumen microbiota
and the epithelial transcriptome, followed by diet and related
products (butyrate and propionate). This is because the rumen
experiences dramatic changes from the suckling period during
weaning and postweaning. In addition, we found that VFA pro-
duced by the rumen microbiota might directly regulate the tran-
scriptome, rather than regulating rumen epithelium metabolism.
Volatile fatty acids activatemany signaling pathways via a variety of
factors, such as histone deacetylase, G-proteinecoupled receptors,
and acetyl-CoA production (Kim, 2021). Thus, VFA production,
which is affected by the microbiota and diet, can regulate rumen
epithelial gene expression, resulting in changes in the abundance of
epithelial metabolites. Butyrate stimulates changes in rumen
epithelial morphology and provides energy, and up-regulation of
genes encoding factors that convert butyrate to ketones as an in-
dicator of mature rumen epithelium metabolism (Lane et al., 2000,
2002). We found that HMGCS2 expression correlated positively
with the abundance of butyrate generated by microbiota, which
also correlated with BHBA and L-lactic acid levels. In addition,
“butanoate metabolism” and “propanoate metabolism” were the
pathways that were most often predicted to be activated with age
by both transcriptomic and metabolomic analysis. Many of the
molecules within these two pathways are ultimately involved in
the production of ketone bodies, the construction of lipids, or as
precursors to the citrate cycle, glycolysis, or glutamate synthesis.

Fig. 9. Volatile fatty acids fermented by rumen signature bacteria dominate the rumen epithelium growth and metabolism in early life of goat kids. From day 30 to 90, change of
diet from milk to solid diet caused increases in fiber degraders (Prevotella, Roseburia and Sharpea) and VFA concentrations. Accumulation of VFA, especially butyrate, dominated the
energy metabolism of rumen epithelium by regulating the mTOR and PPAR signaling pathways, and activated oxidative phosphorylation to produce energy for the growth and
proliferation of rumen papillae. VFA ¼ volatile fatty acid; mTOR ¼ mammalian target of rapamycin; PPAR ¼ peroxisome proliferator activated receptor; AMPK ¼ adenosine 5'-
monophosphate (AMP)-activated protein kinase; HMGCS2 ¼ 3-hydroxy-3-methylglutaryl-CoA synthase 2; HMGCL ¼ 3-hydroxy-3-methylglutaryl-CoA lyase; BDH1 ¼ 3-
hydroxybutyrate dehydrogenase 1; ECHS1 ¼ enoyl-CoA hydratase, short chain 1; PCCA ¼ propionyl-CoA carboxylase subunit alpha; TCA ¼ tricarboxylic acid cycle;
ATP ¼ adenosine triphosphate.
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From the suckling stage to postweaning, rumen ketogenesis
increased, as indicated by the increase in the expression of
HMGCS2, ACAT1, HMGCL, BDH1, and PPARG, which encode factors
involved in the generation of ketone bodies. Recent studies have
reported that BHBA accumulation and increased HMGCS2 expres-
sion, which are associated with ketogenesis, strengthen the ability
of gut epithelial cells to proliferate, differentiate, and maintain gut
homeostasis (Cheng et al., 2019; Wang et al., 2017). HMGCS2
expression is mainly promoted by peroxisome proliferator-
activated receptor (PPARs) (Wang et al., 2018; Zhang et al., 2019)
and inhibited by mTOR (Howell and Manning, 2011). Short-chain
fatty acids are efficient ligands that can effectively induce PPARs
to promote transcription of the target gene HMGCS2 (den Besten
et al., 2015; Zhuang et al., 2023b). In contrast, the mTOR pathway,
which is critical for regulating growth and proliferation, can be
inhibited by increased RNF152 expression (Okamoto et al., 2020).
Hence, butyrate produced by fiber decomposers (e.g., Prevotella)
mainly promotes ketone metabolism and rumen development
through the PPAR and mTOR signaling pathways. Alternatively,
butyrate serves as a dominant energy source via b-oxidation and
the tricarboxylic acid cycle in mitochondria (Salvi and Cowles,
2021). With increasing age, butyrate production leads to
increased expression of ATP5PF, NDUFAB1, NDUFB7, and NDUFS2,
which encode components of the oxidative phosphorylation
pathway. ATP5PF encodes the ATP synthase subunit in the mito-
chondrial membrane (F1F0 ATP synthase or Complex V), which
participates in ATP assembly (Wu et al., 2016). The NDUFAB1,
NDUFB7, and NDUFS2 gene products are responsible for electron
transfer from NADH to the respiratory chain, which is required for
oxidative phosphorylation. NADH is derived from biochemical
metabolism processes, such as ketogenesis, glycolysis, the tricar-
boxylic acid cycle, and lipid oxidation (Wilson, 2017). NADH accu-
mulation activates oxidative phosphorylation and increases the
expression of related genes to meet the higher demand for ATP to
enable rumen growth. Expression of ECHS1, which encodes a crit-
ical enzyme in mitochondrial butyrate b-oxidation metabolism,
increases with age. Moreover, metabolomics analysis of the rumen
epithelium validated the activation of these signaling pathways.
Therefore, our findings suggest that VFA produced by the rumen
microbiota stimulate increased expression of epithelial genes and
increased production of metabolites associated with ketogenesis,
which promotes rumen development.

5. Conclusions

In conclusion, we found that age is the major driver of rumen
microbiota and rumen epithelial development in goats. Butyrate
and propionate produced by signature bacteria activated energy
metabolism and rumen epithelium development by regulating the
mTOR and PPAR signaling pathways. Moreover, rumen epithelial
metabolomics analysis revealed that butyrate-regulated ketogen-
esis may be critical for rumen development. BHBA and ACAC, which
were highly abundant by D90, could be marker metabolites for
rumen development (Fig. 9). The interactions observed between
the rumen microbiota and the host provide evidence that manip-
ulation of the rumen microbiome is an effective approach to
improving rumen development and host growth.
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