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Abstract

Background: Diet-derived short-chain fatty acids (SCFAs) in the rumen have broad effects on the health and growth
of ruminants. The microbe-G-protein-coupled receptor (GPR) and microbe-histone deacetylase (HDAC) axes might be
the major pathway mediating these effects. Here, an integrated approach of transcriptome sequencing and 16S rRNA
gene sequencing was applied to investigate the synergetic responses of rumen epithelium and rumen microbiota to
the increased intake of dietary non-fiber carbohydrate (NFC) from 15 to 30% in the goat model. In addition to the analysis
of the microbial composition and identification of the genes and signaling pathways related to the differentially
expressed GPRs and HDACs, the combined data including the expression of HDACs and GPRs, the relative abundance of
the bacteria, and the molar proportions of the individual SCFAs were used to identify the significant co-variation of the
SCFAs, clades, and transcripts.

Results: The major bacterial clades promoted by the 30% NFC diet were related to lactate metabolism and cellulose
degradation in the rumen. The predominant functions of the GPR and HDAC regulation network, under the 30% NFC
diet, were related to the maintenance of epithelium integrity and the promotion of animal growth. In addition, the molar
proportion of butyrate was inversely correlated with the expression of HDAC1, and the relative abundance of the bacteria
belonging to Clostridum_IV was positively correlated with the expression of GPR1.

Conclusions: This study revealed that the effects of rumen microbiota-derived SCFA on epithelium growth and
metabolism were mediated by the GPR and HDAC regulation network. An understanding of these mechanisms and their
relationships to dietary components provides better insights into the modulation of ruminal fermentation and
metabolism in the promotion of livestock production.

Keywords: Rumen microbiota, G-protein-coupled receptors, Histone deacetylases, Dietary modulation, Epithelium
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Background
Evidence continues to increase implying that the
gastrointestinal (GI) microbiota is the critical con-
tributor to host health and GI homeostasis [1]. The
dysbiosis of GI microbiota leads to the pathogenesis
of a diverse range of diseases affecting host growth
and metabolism. So far, the effects of gut microbiota

on the host have been suggested to be achieved, at
least in part, through the release of short-chain fatty
acids (SCFAs), which are the main bacterial metabo-
lites, followed by the fermentation of dietary carbohy-
drate in the GI tract [2].
In ruminants, SCFAs produced in the rumen meet

70–80% of the energy requirement for the rumen epi-
thelia, and 50–70% of the energy requirement for the
animal, thereby playing important roles in maintaining
the energy homeostasis of the host [3]. In addition,
SCFAs have also been established to modulate a
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variety of physiological functions of the rumen epithe-
lium. For example, global gene expression profiling,
in a study of bovine rumen epithelium cell cultures,
has shown that exogenous butyrate promotes the
expression of genes associated with cell growth, signal
transduction, and immune responses [4]. By dietary
intervention and ruminal butyrate infusion, our in
vivo investigations have demonstrated that SCFAs
promote the expression of genes involved in epithe-
lium growth and SCFA transport [5, 6].
The ability of SCFAs to modulate physiological pro-

cesses of the epithelium is well known to depend on
two major mechanisms in monogastric animals. The
first involves epigenetic modulation. SCFAs, especially
butyrate, acetate, and propionate, have been estab-
lished as intrinsic inhibitors of histone deacetylases
(HDACs), promoting gene expression via the inhib-
ition of the HDAC-induced deacetylation of lysine
residues within histones [7]. The second mechanism
regarding SCFA effects is signaling through G-
protein-coupled receptors (GPRs). In mice, the upreg-
ulation of GPR43/FFAR2 expression in colonic cells
has been demonstrated to enhance the circulating
levels of the anorectic hormones peptide tyrosine
tyrosine (PYY) and glucagon-like peptide-1 (GLP-1),
both of which play important roles in the modulation
of gut motility and SCFA absorption [8, 9]. Our pre-
vious study in goats has revealed that the upregulated
expressions of GPR4 and GPR41 are associated with
the upregulated expression of urea transporter (UT-B)
in the rumen epithelium, indicating the existence of
GPR regulation in the rumen [5].
The composition of rumen microbiota has been ad-

equately demonstrated to be correlated with the concen-
trations of rumen SCFAs in ruminants. For example, the
relatively high ratio of Bacteroidetes to Firmicutes is asso-
ciated with a relatively high SCFA concentration in the
rumen [10–12]. Moreover, composition change is an im-
portant strategy for rumen microbiota to adapt to external
interventions, such as diet, viral infection, and antibiotics.
We therefore speculate that the rumen microbiota modu-
lates the physiological processes of the rumen via SCFA-
mediated GPR and HDAC mechanisms during dietary
modulation. In the present study, we have collected paired
epithelial transcriptome and microbial metagenome data
from the rumen of goats receiving different concentration
diets and have analyzed the correlations among the
expression of GPR and HDAC, individual SCFA (acetate,
butyrate, propionate, valerate, isobutyrate, and isovalerate)
concentrations, and microbiota compositions in the
rumen. By the simultaneous measurement of the re-
sponses of rumen microbiota and epithelium to dietary
modulation, we have gained better insights into the nature
of diet–microbiota–host interactions.

Methods
Animals
Six male goats (Boer × Yangtze River Delta White,
aged 4 months, 17.97 ± 0.84 kg) were randomly allo-
cated into two groups and received either a diet of
65% hay plus 35% concentrate (containing 30% NFC,
MC group, n = 3) or a diet of 90% hay plus 10% con-
centrate (containing 15% NFC, LC group, n = 3)
(Additional file 1: Table S1). All goats were fed with
two equal portions of the designed diet at 0800 and
1700 daily for 28 days. Water was freely available to
all of the goats during the experimental period. On
day 28, the goats were weighted (the final weights of
goats in LC group were 18.93 ± 1.25 kg, and the final
weights of goats in MC group were 21.4 ± 1.01 kg)
and then sacrificed at a local slaughterhouse. This
study was approved by the Animal Care and Use
Committee of Nanjing Agricultural University, in compli-
ance with the Regulations for the Administration of
Affairs Concerning Experimental Animals [13].

Sample collection and SCFA determination
On day 28, the ruminal fluid was taken at 0, 2, and
5 h after matinal feeding by using the stomach tube
and vacuum pump. The first 40 ml of ruminal con-
tent was discarded in the procession of collection to
avoid the contamination by the saliva. The following
15 ml of ruminal content was strained through a
four-layer cheesecloth and immediately subjected to
pH measurement. Subsequently, the ruminal fluid was
added by 5% HgCl2 and stored at − 20 °C for the
determination of SCFA concentrations. On day 28, all
goats were slaughtered at 8 h after matinal feeding.
Immediately after slaughter, the ruminal content was
collected and strained through a four-layer cheese-
cloth. An aliquot (15 ml) of ruminal fluid was col-
lected and stored at − 20 °C for the extraction of
microbial DNA. The remaining fluid, added by 5%
HgCl2, was stored at − 20 °C for the determination of
SCFA concentrations. For each goat, around 10 cm2

of rumen tissue from the ventral blind sac was
quickly excised and washed repeatedly in ice-cold
phosphate-buffered saline (PBS; pH 7.4) until the PBS
was clear. The muscle layers were removed, and the
epithelium was immediately cut into small pieces
(around 0.5 cm2/piece) and added by TRIzol buffer
(Thermo Fisher Scientific, Nanjing, China). These
samples were transferred into liquid N within 5 min
and stored at − 80 °C until RNA extraction.
The ruminal SCFA concentrations were determined by

using a chromatograph (HP6890N, Agilent Technologies,
Wilmington, DE, USA) as described in Yang et al. [14].
The SCFA concentrations at 0, 2, 5, and 8 h were triplicate
measured, respectively.
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Microbial DNA extraction and sequencing
The metagenomic DNA of the microbiota was extracted
from 15 ml ruminal fluid by using a Bacterial DNA Kit
(Omega, Shanghai, China). The DNA concentration was de-
termined by means of a Nanodrop 1000 (Thermo Fisher
Scientific, Wilmington, DE, USA) and stored at − 20 °C until
further processing. The amplicon library preparation was
performed by polymerase chain reaction (PCR) amplification
of the V3–V4 region of the 16S rRNA gene. The universal
primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and
806R (5′-GGACTACHVGGGTWTCTAAT-3′) [15], includ-
ing TruSeq adapter sequences and indices, were used in the
PCRs. All libraries were sequenced by using an Illumina
MiSeq platform (Illumina, San Diego, CA, USA) at
Biomarker Technologies, Beijing, China.

Ruminal microbiota analysis
Paired reads were filtered for quality (Q30) and joined by
FLASH version 1.2.11 [16]. Sequences that contained read
lengths shorter than 400 bp were removed. The remaining
sequences were then classified into taxa by blasting with
the ribosomal database project (RDP) database at a 97%
similarity threshold. Operational taxonomic units (OTUs),
whose counts were more than 3 in at least one of the sam-
ples, were retained in the further analysis. The selected
OTUs were normalized to the relative abundance for each
sample. The diversity of the microbial communities was
estimated by using the R program phyloseq package [17].
For a deeper analysis of the diversity of the major evolu-
tional clades in the ruminal microbiota, OTUs were fil-
tered to acquire a relative abundance of at least 1% in at
least one sample. Then, MUSCLE version 3.8.31 [18] was
used to align the complete 16S rRNA sequences of the
corresponding species in the RDP database, and RAxML
version 8 [19] and the GTR model were used to construct
the maximum likelihood (ML) trees. The R program ape
package [20] was used to plot the tree.

Epithelial RNA extraction and sequencing
Ball mill MM 400 (RETSCH, Germany) was used to
homogenize the rumen epithelium before RNA extrac-
tion, with the parameters of 25 oscillations/s and 1 min.
The homogenized tissue was incubated on ice and
immediately used for RNA extraction. Total RNA was
extracted by using the RNeasy Mini Kit (Qiagen,
Shanghai, China) according to the manufacturer’s in-
structions. RNA was quantified by using a NanoDrop
1000 spectrophotometer, and its integrity was evaluated
by using the RNA 6000 Assay Kit of the Agilent Bioana-
lyzer 2100 system (Agilent Technologies, CA, USA).
High-quality RNA (RNA integrity number > 9.0) was
processed by using NEB Next Ultra RNA Library Prep
Kit (NEB, USA) following the manufacturer’s instruction.
All libraries were sequenced via paired-end chemistry

(PE125) on an Illumina HiSeq2500 platform (Illumina,
San Diego, CA, USA) at Biomarker Technologies,
Beijing, China.

Transcriptome assembling and differentially expressed
gene identification
Low-quality reads were first removed by using an in-
house perl script (reads including low-quality bases
(Q30) of more than 50% and ambiguous bases (N) of
more than 10% were removed). Remaining reads were
aligned to the NCBI goat genome annotation release
version 101 by using TopHat v2.1.0 [21] with standard
parameters. Mapped reads were used to estimate the
gene expression level of each gene transcript. Gene
expression values were then normalized according to the
reads per kilobase million (RPKM). In this study, only
genes with at least one RPKM in at least one of the sam-
ples were considered as expressed. Each SAM output file
from the TopHat alignment was used in the Cuffdiff
program of the Cufflinks version 2.2.1 [22] as input files
to test for differential gene expression.

Sequence conservation of differentially expressed HDACs
and GPRs
The mRNA sequences of differentially expressed GPRs
and HDACs were blasted to the GenBank nucleotide
collection, locally. The matched genes, with e value less
than 1E−5, were pulled out and aligned in MUSCLE ver-
sion 3.8.31. The maximum likelihood trees of each in-
vestigated GPR and HDAC were constructed by using
the GTR model in RAxML version 8. Visualization of
the phylogenetic trees was performed on the ITOL web
server [23].

HDAC and GPR co-expression network
The co-expressed genes were identified by computing
the spearman correlation coefficient (SCC) between pair
of genes across six samples. Only expressed genes
(RPKM > 1 in at least one sample) were used in the cor-
relation analysis. A threshold for the SCC larger than
0.85 and p value less than 0.01 were used to identify sig-
nificantly co-expressed genes. The expression levels of
the first neighbors of investigated HDACs and GPRs on
the co-expression network were compared between
groups. Only differentially expressed neighbors were
further analyzed of Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway on KABAS version 2.0 web
server [24]. Finally, cytoscape version 3.4.0 [25] was
applied to visualize the gene co-regulation network.

Dimensionality reduction for microbial features and
multidata integration
In order to improve power to associate microbial compos-
ition with host gene transcriptional activity, we reduced the
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dimensionality of microbial features through calculating
their SCC with the molar proportions of individual SCFAs,
since the molar proportions of SCFAs were stable across
the time within the group. The OTUs, whose SCC is larger
than 0.6 and p value is less than 0.05 with at least one kind
of SCFAs, were used in the following analysis. Next, the re-
lationships of the relative abundance of the selected OTUs,
the molar proportions of individual SCFAs, and the expres-
sions of the differentially expressed HDACs and GPRs were
explored by using the constrained correspondence analysis
(CCA) in the R program vegan package [26]. The molar
proportions of SCFAs and expression (RPKM) of investi-
gated HDACs and GPRs were used as the environmental
factors in the CCA analysis. The R program ggplot2 pack-
age [27] was used to generate the visual interpretation of
the gene–SCFA–microbiota relationships. The location of
each microbial genus stands for the centroid of correspond-
ing OTUs within investigated genus.

Results
Microbial metabolites in rumen
One-way analysis of variance (ANOVA), included in the
SPSS version 13.0.1 (IBM SPSS, Chicago, USA), was per-
formed to compare the concentrations of the individual
SCFAs at various time points within the groups. Before
matinal feeding (0 h), the concentration of total SCFA and
individual SCFAs did not differ between the MC and LC
groups (p > 0.05) (Fig. 1a, b). Compared with the LC
group, at 2 and 5 h after feeding, the concentrations of
acetate, butyrate, and total SCFA of the MC group
increased significantly (p < 0.05) and, thereafter, returned
to their pre-feeding levels (basal lines). At 5 h after
feeding, the propionate concentration and ruminal pH
were significantly higher in the MC group than those in
the LC group (p < 0.05). But they did not show this signifi-
cant difference at other time points (p > 0.05) (Fig. 1c). At
all of the time points, the concentrations of valerate,

Fig. 1 a Comparisons of the concentrations of individual SCFAs (acetate, propionate, and butyrate) between the groups. b Comparisons of the
concentrations of total SCFA between the groups. c Comparisons of the concentrations of rumen pH between the groups. d Comparisons of the
molar proportions of the individual SCFAs between the groups. The molar proportions of the individual SCFAs for ruminal fluid sampled at 8 h
after matinal feeding were presented here; 0 h indicates the sampling time just before matinal feeding, and other numbers indicate the sampling
time after matinal feeding. Asterisk indicates a p value < 0.05 in the t test
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isobutyrate, and isovalerate were not significantly different
between the groups (data not show). Subsequently, the
molar proportions of individual SCFAs were compared
between and within the groups. Between the groups, the
molar proportion of butyrate was significantly higher in
the MC group (p < 0.05). However, others did not show
the significant differences between the groups (p > 0.05)
(Fig. 1d). The molar proportions of individual SCFAs did
not show significantly difference across time (p > 0.05,
data not show).

Structure of bacterial communities
At the phylum level, a total of 14 prokaryotic phyla were
identified at a 97% similarity, and all of them were common
to both groups (Fig. 2a). Firmicutes (35.7–30.1%), Bacteroi-
detes (26.6–43.6%), and Synergistetes (11.0–7.0%) were the
most abundant among all microbial communities.
Compared with the LC group, the relative abundance of
Synergistetes was increased by 57%, and Tenericutes was
increased by 330% in the MC group. They were the two
most increased phyla within the microbial communities in
MC group. On the contrary, the relative abundance of
Lentisphaerae decreased by 63%, and the relative abun-
dance of Fibrobacteres decreased by 65% in the MC group.
These were the two most reduced phyla in the microbial
communities of the MC group. At the genus level, other

than the unclassified OTUs, 75 genera in total were de-
tected in the sequences. Among them, 70 genera were
common to both groups (Fig. 2b). The abundances of all
genera in both groups are shown in Additional file 2:
Table S2. Prevotella (10.4–17.9%) was consistently abun-
dant in both groups. Four genera were only detected in
the LC group, whereas one genus was only detected in the
MC group. Nonmetric multidimensional scaling (NMDS)
plot (Additional file 3: Fig. S1) and analysis of similarities
(ANOSIM) (p < 0.05) revealed the divergence of the com-
munity structure in the MC and LC groups.

Diversity and richness of microbial communities
No significant difference (p > 0.05) was observed on the
diversity of the microbial community between the
groups, as indicated by the Shannon and Simpson indi-
ces. On the phylum level, the diversity of Bacteroidetes
and Firmicutes in the MC group was significantly higher
than that in the LC group (p < 0.05). The diversity of
Synergistetes in the MC group was significantly lower
than that in the LC group (Additional file 4: Fig. S2).
Maximum likelihood (ML) analysis of 27 detectable
OTUs (the relative abundance > 1%) showed that the
significantly increased OTUs in the MC group belonged
to the families Porphyromonadaceae, Ruminococcaceae,
Synergistaceae, Veillonellaceae, and Verrucomicrobia

Fig. 2 a Venn diagram showing the coincidence of phyla between the groups. b Phylum-level comparison of bacterial OTUs between the groups.
c Venn diagram showing the overlap of genera between groups. d Genus-level comparison of bacterial OTUs between the groups
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subdivision 5 (Fig. 3). On the contrary, 58% (7/12) of the
significantly reduced OTUs belonged to the family
Prevotellacea.

Expression profiles of GPRs and HDACs in rumen
epithelium
The RNA-Seq method was used to identify the expression
profiles of GPRs and HDACs in the rumen of goats. It gen-
erated a total of 135 M raw reads (average 22.5 M reads per
sample, range 20.9–23.5 M) and 127 M clean reads (aver-
age 21.2 M reads per sample, range 19.1–22.5 M). On aver-
age, 83% of the clean reads were successfully mapped to
the NCBI goat genome annotation release version 101.
The 73 members of the GPR family and the 11

members of the HDAC family were found to be encoded
on the goat genome (Additional file 5: Table S3,
Additional file 6: Table S4). The transcriptome data
showed that 20 members of GPR family and 7 members
of HDAC family were expressed in the rumen epithe-
lium (RPKM > 1 in at least one sample). By comparing
the gene expressions in the LC group, we found that

GPR1, 87, 89A, and 155 were significantly upregulated
(p < 0.05), and GPR107, free fatty acid receptor 4
(FFAR4, also known as GPR120), and hydroxycarboxylic
acid receptor 2 (HCAR2, also known as GPR109A) were
significantly downregulated (p < 0.05) in the MC group.
Moreover, HDAC4, HDAC5, HDAC6, and HDAC10
were significantly upregulated (p < 0.05), and HDAC1
was significantly downregulated (p < 0.05) in the MC
group. By comparing the gene expressions within the
group, we found, in both groups, that the expression of
GPR87 was the highest among the GPR members, and
HDAC1 was the highest among the HDAC members.
Further, GPR87 and HDAC1 are the only members that
expressed more than 100 counts (RPKM) in at least one
group. In addition, six GPRs (GPR1, 89A, 108, 155, 160,
and FFAR4) and four HDACs (HDAC2, 3, 5, and 8)
expressed more than 10 counts (RPKM) in at least one
group. The previously reported GPRs (GPR4, GPR41/
FFAR3, GPR43/FFAR2), whose expressions were de-
tected by quantitative PCRs in rumen epithelium [5, 28],
were little expressed in the present study.

Fig. 3 Maximum likelihood tree of 27 detectable OTUs (the relative abundance > 1% in the given sample). The complete 16S rRNA gene
sequences of the corresponding species in the RDP database were used to construct the tree. Triangle indicates the OTUs in the MC
group, and the circle indicates the OTUs in the LC group. Only the OTUs with significant differences (p < 0.05) in relative abundance are
shown behind the branches. The size of the symbol indicates the relative abundance of OTUs. Red indicates a significant increase
(p < 0.05) of the relative abundance of the OTU under the 30% NFC diet, and blue indicates a significant reduction (p < 0.05) in the
relative abundance of the OTU under a 15% NFC diet. Only those bootstrap values greater than 60 are shown on the tree. The solid
black circles at the nodes stand for a bootstrap value of 100
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Sequence conservation of GPRs and HDACs
To investigate the sequence conservation of differentially
expressed GPRs and HDACs during evolution, we con-
structed ML trees by using all genes found in blast search-
ing, with the threshold of the e value less than 1E−5.
According to the trees, all the investigated GPRs and
HDACs were highly conserved on both of the division
and family levels of vertebrates (Additional file 7: Fig. S3,
Additional file 8: Fig. S4). To investigate the conservations
within the members of GPR family, we pairwise aligned
the sequences of encoded GPR members, but no similarity
above 30% was received between any pair of GPR mem-
bers. The same results were received from the compari-
sons of HDAC members.

Related KEGG pathways of differentially expressed GPRs
and HDACs
We used SCC to quantify gene–gene co-expression for all
of the gene pairs in the transcriptome across the samples.
In order to assess the biological significances of the GPR
and HDAC co-expression network, we checked the re-
lated signaling pathways and possible functions of first
neighbors in the KEGG annotation. The received func-
tions of significantly differential neighbors were classified

according to the regulated physiological processes of the
rumen epithelium. Accordingly, two major kinds of
regulation networks were built referred to as the epithe-
lium growth network (including cell apoptosis, survival,
proliferation, and differentiation, Fig. 4) and the
epithelium metabolism network (including metabolism of
cofactors and vitamins, metabolism of other amino acids,
lipid metabolism, energy metabolism, xenobiotics biodeg-
radation and metabolism, amino acid metabolism, carbo-
hydrate metabolism, glycan biosynthesis, and metabolism;
Fig. 5) in this study. Other possible regulations, involved
in the immune responses, transportation, and actin cyto-
skeleton, are listed in Additional file 9: Table S5.
In the epithelium growth network, the upregulated ex-

pressions of GPR1, 89A, and 155 were correlated to the
upregulated expressions of regulator complex protein
(LAMTOR3), mitogen-activated protein kinase kinase
kinase 11 (MAP3K11), and ETS domain-containing pro-
tein (ELK1), all of which were located on mitogen-
activated protein kinase (MAPK) signaling pathway and
related to cell proliferation and differentiation. ELK1 was
also on the insulin and oxytocin signaling pathway in the
regulation of cell proliferation and differentiation.
Moreover, the increased expression of GPR1 was

Fig. 4 GPR and HDAC co-regulation network related to epithelium growth. The functions of the first neighbors were predicted by the KEGG
pathway analysis. The genes colored in red were the genes that were significantly upregulated after 4 weeks of 30% NFC feeding, and the genes
colored in blue were the significantly downregulated genes after 4 weeks of 30% NFC feeding. The signaling pathways regulating the same
functions are given with the same line shapes in connection with the corresponding functions. Blue lines indicate that the largest number of
signaling pathways was regulated by PLCG1
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associated with the decreased expression of acid cerami-
dase (ASAH1), which was on the sphingolipid signaling
pathway regulating cell apoptosis, survival, and prolifera-
tion. As for HDACs, the upregulation of HDAC 4, 5, 6,
and 10 was correlated to the downregulation of five neigh-
bors that regulated the cell apoptosis, survival, prolifera-
tion, and differentiation via modulation of 14 signaling
pathways.
In the epithelium metabolism network, the upregulation

of GPR1, 87, and 89A expression was correlated to the
upregulation of nicotinamide adenine dinucleotide de-
hydrogenase subunits 2, 4, and 4L (ND2, 4, 4L), H+ trans-
porting adenosine triphosphate synthase (ATP5H), and
nicotinamide adenine dinucleotide dehydrogenase 1 alpha
subcomplex 4 (NDUFA4). The downregulation of HDAC1
expression was correlated to the upregulation of ND6
expression. All of these enzymes were related to the
oxidative phosphorylation of energy metabolism. The in-
creased expression of GPR1 and decreased expression of
HDAC1 were associated with the increased expression of
microsomal glutathione S-transferase 3 (MGST3) and
monoamine oxidase A (MAOA). These two kinds of
enzymes modulated the xenobiotic biodegradation and
metabolism of the rumen epithelium. On the contrary, the
decreased expressions of protein O-mannosyltransferase 2
(POMT2), RFNG O-fucosylpeptide 3-beta-N-acetylgluco-
saminyl transferase (RFNG), xylosyltransferase 2 (XYLT2),
and mannosidase alpha class 2C member 1 (MAN2C1)
were associated with the increased expression of GPR87,
HDAC4, and HDAC5. All of these enzymes regulate glycan
biosynthesis and metabolism in the rumen epithelium. In
addition, the metabolism of other amino acids can be regu-
lated by GPR1-MGST3 and HDAC10-methionyl-tRNA
synthetase 2 (MARS2) pathways. Lipid metabolism can be
regulated by GPR1-N-acylsphingosine amidohydrolase 1

(ASAH1), GPR-ectonucleotide pyrophosphatase 2 (ENPP2),
GPR87-propanoyl-CoA C-acyltransferase (SCP2), HDAC1-
peroxisomal multifunctional enzyme type 2 (HSD17B4),
and HDAC10-sphingosine kinase 2 (SPHK2) pathways.
Carbohydrate metabolism might be regulated by the
GPR89A-phosphatidylinositol-4-phosphate 3-kinase C2
domain-containing gamma polypeptide (PIK3C2G),
HDAC4-phospholipase C, gamma 1 (PLCG1), and
HDAC1-2,3-bisphosphoglycerate mutase (BPGM) path-
ways. Amino acid metabolism might be modulated by the
HDAC1-MAOA and HDAC1-BPGM pathways. The
metabolism of cofactors and vitamins might be modulated
by GPR155-molybdenum cofactor biosynthesis protein 1
gene (LOC102170834) pathway.

Relationships of GPR and HDAC expression, molar
proportions of individual SCFAs, and relative abundance
of bacterial genera
Spearman correlation analysis removed 71% OTUs (611/
861), which had SCC less than 0.6 and p value greater than
0.05 with any kinds of SCFAs. Subsequently, CCA analysis
revealed positive correlations between significantly upregu-
lated GPRs and HDACs, with 8 significantly increased mi-
crobial genera (consisting of 56 OTUs), and positive
correlations between significantly downregulated GPRs and
HDACs, with 9 significantly reduced microbial genera (con-
sisting of 63 OTUs) (Fig. 6). Moreover, the expression of
HDAC1 was negatively correlated with the molar propor-
tion of butyrate.

Discussion
The present study revealed that the MC diet promoted
the upregulation of the concentrations of acetate, butyr-
ate, and total SCFA from 2 to 5 h after feeding and the
concentration of propionate at 5 h after feeding.

Fig. 5 GPR and HDAC co-regulation network related to epithelium metabolism. The functions of the first neighbors were predicted by the KEGG
pathway analysis. The genes colored in red were the genes that were significantly upregulated after 4 weeks of 30% NFC feeding, and the genes
colored in blue were the significantly downregulated genes after 4 weeks of 30% NFC feeding. The lines in the same color indicate the genes
regulating the same metabolic function. The lines in the same shape indicate that the low-level metabolism was grouped in the same high-level
metabolism by KEGG annotation
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Moreover, NMDS and ANOSIM analyses indicated
that the changes of ruminal SCFA concentrations
were associated with the compositional changes of
ruminal microbiota. Phylogenetic analysis of detect-
able OTUs showed that the relative abundance of five
prokaryotic families, namely the Prophyromonadacea,
Synergistaceae, Ruminococcaceae, Veillonellaceae, and
Verrucomicrobia subdivision 5, were increased signifi-
cantly in the MC group. Among these taxa promoted
by the MC diet, members of the Ruminococcaceae
are the important contributors to cellulose degrad-
ation [29]. Members of the Veillonellaceae and
Prophyromonadacea are capable of utilizing lactate
and converting it largely to acetate and propionate
[30]. Members of the Synergistaceae are able to fer-
ment amino acids and peptides to produce acetate in
animal gut [31]. A recent study of the first cultured
representative of Verrucomicrobia subdivision 5 indi-
cated that this strain of the taxon could ferment
monosaccharide to produce acetate and lactate [32].
Therefore, we inferred that the bacterial increasing
mainly involved the species responsible for decreasing
the concentration of lactate in the rumen. Accumula-
tion of lactate in the rumen is a major reason of sub-
acute ruminal acidosis (SARA), characterized by low
feed intake and chronic inflammation [10]. Therefore,
such reshaping of the microbial community may play
important roles in maintaining the stable pH of the
rumen during the period of relatively high SCFA con-
centrations. In addition, the expansion also involved

the cellulose-degrading bacteria indicating that the in-
creased dietary NFC in the MC group promoted cellulose
degradation by the microbes. This is supported by a previ-
ous study in which the positive correlation of the dietary
starch and the rate of cellulose degradation were detected
[33]. However, the majority of OTUs detected in our in-
vestigation have unknown functions, making the inter-
pretation of microbial reshaping associated with SCFA
profiles difficult. We can only speculate that the increased
butyrate was converted from the acetate by specific mi-
crobes via the acetate CoA-transferase pathway, since the
expansion of A-producing bacteria and the synergetic
upregulation of ruminal butyrate and acetate concentra-
tions were observed.
Broad effects of SCFAs on the physiological processes of

ruminal epithelium have been reported. However, little is
known concerning the mechanisms related to this SCFA-
mediated regulation in the rumen. In present study, we ob-
served the specific expression of the members of the GPR
and HDAC families in the rumen epithelium. However, the
previously reported GPRs (GPR4, GPR41/FFAR3, GPR43/
FFAR2), whose expressions were detected by quantitative
PCRs in rumen epithelium [5, 28], were little expressed in
the present study. The disturbances of unmapped reads in
transcriptome assembling and an overestimation of isoform
expressions in quantitative PCRs might be the reasons for
the inconsistent results. Since the highly conserved
sequences of these genes within vertebrates, our results in-
dicate the possibility that commensal bacteria regulate the
epithelium physiology via metabolite-mediated GPR and

Fig. 6 Constrained correspondence analysis revealing the correlations of the relative abundance of the specific microbes (SCC > 0.085 and
p < 0.01 in a Spearman correlation analysis of the relative abundance of the microbes and the molar proportions of the individual SCFAs), the
molar proportions of the individual SCFAs, and the expression of the significantly different HDACs and GPRs
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HDAC pathways in the rumen. Furthermore, our data sug-
gest the GPR87 and HDAC1 play more important roles in
the ruminal epithelium than other members of the respect-
ive families.
According to our epithelium growth network, in the MC

group, GPR1, 89A, and 155 might promote cell prolifera-
tion and differentiation via the MAPK, sphingolipid, insulin,
and oxytocin signaling pathways. Also in MC group, HDAC
4, 5, 6, and 10 may suppress cell apoptosis, survival, prolif-
eration, and differentiation by suppressing the expression of
genes located on 14 signaling pathways. Among them, nu-
clear factor kappa B signaling has been established to con-
trol the expression of cyclin D1 via the modulation of the
production of pro-inflammatory cytokines in mice [34, 35].
WNT signaling has been shown to regulate cell differenti-
ation and apoptosis in a dose-dependent manner in human,
i.e., low-intensity signaling leads to controlled self-renewal,
moderate-intensity signaling promotes uncontrolled cell
proliferation, and high-intensity signaling leads to apoptosis
[36, 37]. Calcium signaling has also been demonstrated to
regulate the cell cycle by decreasing intracellular cyclic
adenosine monophosphate (cAMP) in human [38]. Taken
together, these data suggest that, in an environment with
relatively high SCFA concentrations, GPRs promote cell
proliferation and differentiation via the promotion of the
expressions of related genes. However, at the same time,
HDACs might suppress cell proliferation, differentiation,
and survival by suppressing the expression of another set of
related genes. Interestingly, the sphingolipid signaling path-
way, which is related to cell apoptosis, might be suppressed
by both HDAC10 and GPR1 in the MC group. These re-
sults suggest that epithelium homeostasis is maintained by
GPR and HDAC co-regulation mechanisms.
Our analysis of the epithelium metabolism network has

revealed that, in the MC group, the changed expressions of
GPR1, 87, 89A, and HDAC1 possibly enhance energy me-
tabolism by promoting the expressions of seven genes re-
lated to mitochondrial respiratory chain function. The
decreased expression of HDAC1 might enhance glycolysis
by promoting the expression of BPGM, a crucial enzyme in
the regulation of hemoglobin-associated oxygen. Moreover,
the decreased expression of HDAC1 might enhance amino
acid metabolism by promoting the expression of MAOA,
the enzyme catalyzing the oxidative deamination of mono-
amines. The enhanced capability of amino acid metabolism
by the epithelium might increase ketone synthesis, provid-
ing more energy for the animal. In addition, the suppres-
sion of glycosaminoglycan biosynthesis and glycan
degradation by HDAC5 possibly increases the amount of
glycan entering the blood. Promotion of primary bile acid
biosynthesis by GPR87 and HDAC1 probably enhances glu-
cose metabolism and energy expenditure via the bile acid
signaling pathway [39]. All the abovementioned changes in
the epithelium metabolism of the MC group will improve

energy supplements for the animal. Additionally, in the MC
group, the enhancement of exogenous toxin degradation by
GPR1 and HDAC1 benefits the animal health. Suppression
of O-glycan biosynthesis by GPR87 and HDAC5 might in-
hibit the activation of T lymphocytes [40]. Suppression of
sphingolipid metabolism by GPR1 and HDAC10 possibly
promotes the stability of membrane structure and
cell-to-cell recognition [41, 42]. Enhancing the ether lipid
metabolism by GPR1 can increase the activity of the po-
tassium channel [43], maintaining the stability of the
rumen ecosystem. So far, GPRs have been reported to
regulate host metabolism via the modulation of hormone
secretion, sympathetic activity, and immunity responses
[9, 44, 45]. Our results suggest that the regulation of GPRs
and HDACs in epithelium metabolism have major effects
via the modulation of the expression of related enzymes.
Furthermore, we have found that the regulation of GPRs
and HDACs, induced by relatively high SCFA concentra-
tions, will benefit animal growth and health.
Studies in humans have shown that gut microbe-derived

butyrate was the most potent inhibitor of HDACs, with a
maximum efficiency of approximately 80% inhibition of
HDAC1/2 [46]. In present study, the highly negative correl-
ation between the molar proportion of butyrate and the ex-
pression of HDAC1, revealed by CCA analysis, suggested
that, in the goat rumen, microbiota-derived butyrate was
also the most powerful inhibitor of HDAC1 in epithelium.
In addition, the study of Kimura et al. [45] revealed that
ffar2-deficient and ffar2-overexpressing mice exhibited dif-
ferent phenotypes (obesity or leanness, respectively) in
comparison with wild-type mice. However, these mice lost
the corresponding phenotypes when grown under germ--
free conditions or when treated with antibiotics suggesting
that the activation of GPRs might be dependent on the ex-
istence of gut microbes. In our CCA analysis, a high correl-
ation existed between the relative abundance of
Clostridium_IV and the expressions of GPR1. Members of
Clostridium_IV are well known to be the major butyrate-
producing bacteria in the animal gut [47]. A previous study
has shown that the depletion of butyrate-producing bac-
teria is a common feature in patients suffering from inflam-
matory bowel diseases (IBD) and colorectal cancer (CRC)
[48]. Despite limitations, we speculate that butyrate-
producing bacteria play an important role in the promotion
of epithelium growth and metabolism via the modulation
of the expression of GPR1. Unfortunately, most of the sig-
nificantly correlated species cannot as yet be cultured, and
we cannot infer their roles in these regulation networks.
Further studies are required for the identification of their
functions and significance in the animal gut.

Conclusion
Our results indicate that SCFA-mediated GPR and
HDAC co-regulation networks exist in the rumen
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epithelium, allowing the animals to receive signaling
from their resident microbiota, sensitively and accur-
ately. These networks regulate a variety of physiological
processes in the epithelium, especially growth and me-
tabolism, and play important roles in the maintenance of
epithelial integrity and the promotion of animal growth.
Moreover, these networks are important mechanisms for
commensal bacteria to improve their co-habiting condi-
tions by the modulation of epithelium physiology. By un-
derstanding these reciprocal mechanisms between the
host and microbiota, coupled with the corresponding
modulation factors in the diet, we will be able to im-
prove animal production in healthy and sustainable
ways.
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