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Abstract This study evaluated the effects of high-grain diets
on the rumen fermentation, epithelial bacterial community,
morphology of rumen epithelium, and local inflammation of
goats during high-grain feeding. Twelve 8-month-old goats
were randomly assigned to two different diets, a hay diet or a
high-grain diet (65% grain, HG). At the end of 7 weeks of
treatment, samples of rumen content and rumen epithelium
were collected. Rumen pH was lower (P < 0.05), but the levels
of volatile fatty acids and lipopolysaccharides were higher
(P < 0.05) in the HG group than those in the hay group. The
principal coordinate analysis indicated that HG diets altered the
rumen epithelial bacterial community, with an increase in the
proportion of genus Prevotella and a decrease in the relative
abundance of the genera Shuttleworthia and Fibrobacteres.
PICRUSt analysis suggested that the HG-fed group had a
higher (P < 0.05) relative abundance of gene families related
to energy metabolism; folding, sorting, and degradation; trans-
lation; metabolic diseases; and immune system. Furthermore,
HG feeding resulted in the rumen epithelial injury and upregu-
lated (P < 0.05) the gene expressions of IL-1β and IL-6, and the
upregulations were closely related to the rumen pH, LPS level,

and rumen epithelial bacteria abundance. In conclusion, our
results indicated that the alterations in the rumen environment
and epithelial bacterial community which were induced by HG
feeding may result in the damage and local inflammation in the
rumen epithelium, warranting further study of rumen microbi-
al–host interactions in the HG feeding model.
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Introduction

In the modern goat industry, goats are often fed relatively
high-grain (HG) diets to achieve maximum performance, such
as the increase of meat production. However, feeding diets
contained large amounts of readily fermentable carbohydrates
which frequently results in subacute ruminal acidosis (SARA)
(Kleen et al. 2003; O’Grady et al. 2008). During the progres-
sion of SARA, the imbalance between the rates of rumen
volatile fatty acids (VFAs) production and absorption results
in a dramatic decline of rumen pH, further causing a shift in
the rumen microbiota. Indeed, it is well-documented that HG
diets can induce a variation in the bacterial community of the
rumen contents (Fernando et al. 2010; Hook et al. 2011), and
meanwhile, the application of high-throughput pyrosequenc-
ing leads to a further expansion of how HG diets affect the
rumen microbiota.

Rumen epithelial bacteria are directly attached to the rumen
epithelium; as the biological barrier of immunity, they act as
an important line of defense. As a result, compared to the
microbiota in the rumen contents, the rumen epithelial bacteria
are deemed important for adaptation to HG diets (Chen et al.
2011). Recently, rumen epithelial bacteria have received con-
siderable attention (Sadet et al. 2007; Chen et al. 2011). A few
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studies using PCR-DGGE showed that HG feeding altered the
rumen epithelial bacteria community, for example, by increas-
ing the proportion of Bacteroidetes and decreasing the propor-
tion of Firmicutes (Sadet-Bourgeteau et al. 2010). These re-
sults demonstrated that HG feeding can affect bacterial adhe-
sion to and colonization of the rumen epithelium. However,
due to the small number of studies and the technical limita-
tions, it is not possible to comprehensively summarize the
typical characteristics of rumen epithelial bacteria in rumi-
nants fed an HG diet. Hence, there is still a paucity of data
on how HG diets reshape the rumen epithelial bacterial
community.

As the carrier of rumen epithelial bacteria, the rumen epi-
thelium serves as the barrier between the rumen contents and
the host. This barrier function mainly depends on the rumen
epithelium’s multicellular structure (the stratum corneum, the
stratum granulosum, the stratum spinosum, and the stratum
basale) and the tight junctions that existed in the stratum
granulosum (Graham and Simmons 2005). In ruminants fed
HG diets, the accumulation of immunogenic compounds such
as lipopolysaccharide (LPS) and the abnormal depression of
pH in the rumen must have some detrimental effects on the
rumen epithelium (Penner et al. 2011). Once the integrity of
the rumen epithelium is impaired, these toxin compounds in
the rumen or the pathogenic bacteria attached to the rumen
epithelium may translocate across it, further causing inflam-
mation (local inflammation of the rumen epithelium or sys-
temic inflammatory response) (Khafipour et al. 2009a; Penner
et al. 2011; Mani et al. 2012). However, information about the
incidence of local inflammation in the rumen epithelium and
the role of epithelial bacteria on the induction of inflammation
during HG feeding is still scarce.

The objective of the present study was to evaluate the in-
fluence of an HG diet on rumen fermentation, epithelial bac-
teria, and epithelial morphology, as well as the local inflam-
mation in the rumen epithelium of goats. Additionally, this
study is expected to provide some information to support fur-
ther investigation into rumen microbial–host interactions in
the HG feeding model.

Methods

Animals, housing, and diets

The present study was approved by the Animal Care and Use
Committee of Nanjing Agricultural University. All experi-
mental procedures and animal protocols conformed to the
Regulations for the Administration of Affairs Concerning
Experimental Animals (Chinese Science and Technology
Committee 1988). This study was part of a series of studies
designed to evaluate the effects of HG diets on the gastroin-
testinal microbiota and health of goats. Thus, a detailed

description of the animal management, diets, and experimen-
tal design has been reported by Ye et al. (2016). Briefly, 12 8-
month-old male goats were randomly allocated to one of two
dietary treatments after 2 weeks of adaptation. Two groups of
goats in the present study were fed hay (n = 6) and the HG diet
(containing 65% grain, n = 6), respectively. The ingredients
and nutrient composition of the two diets are presented in
Table S1. At the commencement of the experiment, the dif-
ferences in the body weights of the goats fed hay or the HG
diet in the present study were not significant (28.10 ± 1.23 vs.
26.47 ± 0.83 kg). Animals were fed in equal allotments daily
(900-g dry matter per animal per day) at 0800 hours and 1700
hours for 7 weeks.

Sampling

On day 50, the goats were slaughtered 4 h after the morning
feeding. The abdomen was opened along the midline, and the
digestive organs were carefully separated and removed. During
the slaughter, the rumen pH was measured immediately by
collecting the representative rumen contents. Subsequently,
the rumen digesta were homogenized and mixed thoroughly.
Part of the homogenized digesta was harvested and then
filtrated through four layers of cheesecloth. The harvested sam-
ples were divided into two sections, and each part was under-
going different pre-treatments according to different purposes.
The first section of the samples was centrifuged at 6000×g for
15min at 4 °C, and then, the supernatants were stored at −20 °C
until they were analyzed for VFAs and lactate. The second
section was used for the measurement of the rumen LPS. The
samples were centrifuged at 13,000×g for 40 min, and then, the
supernatant was filtered and harvested in the pyrogen-free tube
and further boiled for 5 min before being stored at −20 °C.

Within 5 min after slaughtering, samples of the rumen ep-
ithelial tissue were harvested according to the method reported
previously (Liu et al. 2013). Subsequently, the collected tissue
was divided into two sections. The first section was used for
RNA extracting, and the tissue was excised into small pieces
using surgical scissors and then quickly stored in liquid nitro-
gen. The second section was scraped from the underlying
tissue, snap-frozen in liquid nitrogen, and then stored at
−80 °C until DNA extraction. Washed rumen papillae were
deposited in 4% paraformaldehyde and 2.5% glutaraldehyde,
and these samples were used for histomorphometric micros-
copy analysis.

Analysis of rumen fermentation parameters

The rumen pH was immediately determined with a portable
pH meter (HI 9024C; HANNA Instruments, Woonsocket, RI,
USA). The digesta used for VFA analysis were diluted with
physiological saline (0.90% NaCl) and then were centrifuged
at 12,000×g for 15min, and the supernatants were treated with
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25% (w/v) metaphosphoric acid. The VFAs were analyzed
using the method described by Mao et al. (2008). Free LPS
in the rumen contents was measured using chromogenic end-
point Tachypleus amebocyte lysate assay kit (Xiamen
Horseshoe Crab Reagent Manufactory, Xiamen, China).
Lactate was detected with an LD kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

Histological measurements

The rumen tissues were embedded in paraffin, sectioned
(6 μm), and stained with hematoxylin and eosin (H&E).
Histomorphometry analyses were performed by laboratory
personnel who were blinded to treatment conditions. Lesions
on the rumen epithelium were imaged using a ×40 objective
lens. Three slides per goats, two images per slides, and a total
of 36 replicates per measurement per group were harvested. In
the present study, we used the pre-defined method which was
reported in the study of Steerl et al. (2011a) to define the
lesion. For the electron microscopy samples, washed tissues
were quickly deposited in 2.5% glutaraldehyde (24 h),
postfixed in 1% osmium (1 h), and embedded in Epon–
Araldite. Semi-thin sections (0.25–0.5 μm) were cut and
stained with 1% toluidine blue and 1% sodium borate. As
for the ultrathin sections (70–90 nm), samples were cut and
stained with uranyl acetate flowed by lead citrate.
Transmission electron microscopic examination and imaging
were carried out to compare the ultrastructures of the rumen
epithelia obtained from different groups.

Rumen tissue RNA extraction and qPCR

Total RNA was extracted using TRIzol (Takara Bio, Otsu,
Japan) according to the method described by Chomczynski
and Sacchi (1987). The concentration and purity of the ex-
tracted RNA were then determined using NanoDrop (ND-
1000UV-Vis; Thermo Fisher Scientific, Madison, WI, USA).
The absorption ratio (260/280 nm) was determined to be 1.8–
2.0, suggesting a high purity. After verifying the RNA integ-
rity, total RNA (1 μg) was reverse-transcribed using
PrimeScript® RT reagent kit with gDNA eraser (Takara Bio,
Otsu, Japan).

The primers for all cytokines used in the present study were
reported by Liu et al. (2013). In addition, Steerle et al. (2011a)
reported that glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) always displayed a minor variation in the rumen
epithelium samples of dairy cows, and the application in the
rumen epithelium of goats had also been confirmed (Liu et al.
2013; Liu et al. 2014). Hence, GAPDH was picked and used
as the housekeeping gene in our study. All the primers chosen
to determine the expression of inflammation cytokines and
GAPDH, as listed in Table S2, were synthesized by
Invitrogen Life Technologies (Invitrogen, Shanghai, China).

Triplicate PCR reactions were conducted in a volume of
20 μL containing 4-ng complementary DNA (cDNA) in 2×
SYBRGreen PCR Master Mix (Takara Bio, Otsu, Japan) and
200 nmol/L of each primer. The reactions were run in ABI
7300 real-time PCR system (Applied Biosystems, Foster, CA,
USA) using the following cycling program: 95 °C for 30 s and
then 40 cycles of 95 °C for 5 s and 57.5 °C (for GAPDH) or
60 °C (cytokine genes) for 31 s. Gene expressions of cytokine
genes were normalized by the GAPDH level, and the data
were calculated using the 2−ΔΔCt method.

Epithelial microbial DNA isolation and pyrosequencing

DNA isolation was conducted using 1 g of samples, adopting
the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany)
and the bead-beating method. Immediately after the extraction
was completed, DNAwas dissolved in Tris–EDTA buffer, and
its concentration and quality were determined using the
NanoDrop 2000 spectrophotometer (Thermo-Fisher
Scientific).

The bacteria 16S ribosomal RNA (rRNA) gene fragments
(V3–V4) were amplified using the primer pairs 338F and
806R; the detailed information was as follows: 338F (5′-
barcode-ACTCCTRCGGGAGGCAGCAG)-3′) and 806R
(5′-GGACTACCVGGGTATCTAAT-3′). PCRs were carried
out in triplicate 50-μL reactions, and the cycling programs
included 95 °C for 2 min, 25 cycles of 95 °C for 30 s, 55 °C
for 30 s, 72 °C for 30 s, and 72 °C for 5 min. PCR products
were visualized using 2% agarose gels and purified using the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA). An indexed sequencing library was
constructed using the PCR product from each sample with the
TruSeq DNA Sample Prep Kit (Illumina, Inc., San Diego,
CA), and the experimental operation was in terms of the man-
ufacturer’s instruction of the kit. The Illumina TruSeq PE
Cluster Kit and the TruSeq SBS Kit reagents were used for
cluster generation and library sequences, respectively.

The obtained sequences from 12 samples were processed
using the QIIME (v. 1.70) software package (Campbell et al.
2010) according to the standard guideline. Quality filtering
was performed, and sequences were removed if their value
of average quality was smaller than 20, their reads contain
ambiguous characters, or their overlapped length is less than
10 bp. The high-quality sequences were then clustered into
operational taxonomic units (OTUs) using UPARSE (v. 7.1
http://drive5.com/uparse/), and for chimeric sequences, the
UCHIME algorithm (Edgar 2010) was adopted for identifica-
tion and removal. Representative OTU sequences, which were
designated on grounds of the most copious sequences within a
cluster, were then assigned to the Greengenes 13.5 (DeSantis
et al. 2006) using PyNAST (Caporaso et al. 2010). The align-
ments were then applied to generate the phylogenetic tree
using FastTree (Price et al. 2009) after removing gaps and
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hypervariable regions using the PH Lane mask provided by
QIIME. The taxonomic identity of sequences was conducted
using the Ribosomal Database Project (RDP) classifier with a
standard minimum support threshold of 80% (Wang et al.
2007). Diversity indices used in the present study, including
the ACE, Chao 1, and Shannon index, and the rarefaction
curves were performed to compare the community-level bac-
terial richness and diversity. A principal coordinate analysis
(PCoA) based on the unweighted UniFrac distance was con-
ducted to determine the dissimilarity (Lozupone and Knight
2005), and an unweighted distance-based analysis of molecu-
lar variance (AMOVA) was performed to evaluate the signif-
icance between samples with Mothur v.1.29.0 program
(Schloss et al. 2009).

The 16S rRNA sequence information in the present study
has been submitted to the NCBI Sequence Read Archive da-
tabase (SRA; http://www.ncbi.nlm.nih.gov/Traces/sra/) under
accession number SRP105260.

Inferred metagenomics by PICRUSt

In the present study, PICRUSt (Langille et al. 2013) analysis
was conducted to predict the metagenome of rumen epithelial
bacteria in all samples. By the application of PICRUSt, 16S
rRNA acts as a marker gene to estimate gene abundance and
to calculate the bacterial pathway activity. In the present study,
functional prediction was achieved by applying pre-calculated
values for genes in the database KEGG (Kanehisa and Goto
2000). Closed-reference OTU picking was performed using
the sampled reads against a Greengenes reference taxonomy
(Greengenes 13.5) using the pick_closed_reference_OTU.py
script in QIIME (Campbell et al. 2010). To reflect the true
abundances more accurately, the 16S copy number was firstly
normalized; then, the metagenome functions were predicted
and the data were exported into KEGG pathways (Langille
et al. 2013). The Nearest Sequenced Taxon Index (NSTI, im-
plemented in the PICRUSt) was calculated to determine the
accuracy of the predictions. To estimate the similarities among
bacterial functions, a principal component analysis (PCA) was
also performed by the SIMCA-P (11.5) software (Umetrics,
Umea, Sweden).

Statistical analyses

Statistical calculations for the data from the rumen fermenta-
tion parameters and epithelial bacteria were conducted using
SPSS software (SPSS v. 16, SPSS Inc., Chicago, IL, USA).
First, the Shapiro–Wilk test was adopted to check whether the
distribution of the variables exhibited a normal distribution.
Then, the variables that showed a normal distribution and a
non-normal distribution were analyzed by the independent
sample t test and the Kruskal–Wallis test, respectively.
Significant differences were declared at P < 0.05.

Correlations between rumen pH, LPS, epithelial microbio-
ta, and inflammatory cytokine expression were determined
using GraphPad Prism version 5.01 (GraphPad Software, La
Jolla, CA), and the Pearson correlation coefficients were cal-
culated. Significant differences were declared at P < 0.05.

Results

The goats were healthy throughout the experiment. The goats’
heartbeat, rectal temperature, and rumen contraction were not
significantly affected by HG feeding.

Rumen fermentation parameters

The fermentation parameters of the rumen are listed in
Table 1. The rumen pH of the goats was significantly de-
creased (P < 0.001) by HG feeding. The concentrations of
acetate, propionate, butyrate, isovalerate, valerate, and total
VFAwere greater (P < 0.05) in the HG group compared with
the hay group. The levels of lactate and LPSwere increased by
about twofold after HG feeding (P < 0.05). However, there
were no differences in isobutyrate concentration and the ratio
of acetate and propionate (P > 0.05).

Rumen epithelial bacterial communities

The rumen epithelial bacterial communities were determined
by sequencing 16S rRNA using the Illumina Miseq platform.
In total, 778,609 reads were obtained from all samples, of
which 684,121 were valid, comprising 87.86% of the raw
reads. All of the epithelial bacterial reads were allocated to 21
phyla and 203 genera. At the phylum level, the relative abun-
dances of the phyla Firmicutes and Bacteroidetes were 36.63

Table 1 Effects of high-grain (HG) feeding on rumen fermentation
parameters in goats at the time of slaughter

Items Hay HG SEM P value

pH 6.67 5.68 0.154 <0.001

Acetate (μmol/g) 48.25 67.24 3.822 0.004

Propionate (μmol/g) 13.66 27.10 2.673 0.004

Isobutyrate (μmol/g) 0.74 0.96 0.104 0.310

Butyrate (μmol/g) 4.14 12.63 1.432 <0.001

Isovalerate (μmol/g) 0.79 1.92 0.294 0.046

Valerate (μmol/g) 0.71 2.26 0.252 <0.001

Acetate: propionate 3.65 2.64 0.268 0.054

Total VFA (μmol/g) 68.28 112.12 7.902 <0.001

Lactate (μmol/g) 1.19 2.97 0.297 <0.001

LPS (EU/g) 23,189 71,318 9941 0.005

SEM standard error of the mean, Hay hay group, HG high-grain group,
VFA volatile fatty acid, LPS lipopolysaccharides
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and 41.81%, respectively. These two were the main predomi-
nant phyla. In addition, Proteobacteria, Spirochaetae,
Synergistetes, and Fibrobacteres were the secondary dominant
phyla, representing 11.83, 4.20, 2.07, and 1.23%, respectively
(Fig. S1). At the genus level, the dominant genera included
Prevotella, Butyrivibrio, unclassified Rikenellaceae, un-
classified Lachnospiraceae, unclassified Prevotellaceae,
and unclassified Bacteroidales (Fig. 1). For visualization,
the top 50 genera are displayed in a heat map (Fig. S2).

Alterations in the rumen epithelial bacterial communities

The rarefaction curves of rumen epithelial bacterial commu-
nities are displayed in Fig. S3. Results showed that the bacte-
rial diversity in the rumen epithelium was decreased by HG
feeding. Results from PCoA (Fig. 2) showed that the samples
from the HG-fed group gathered together and clearly separat-
ed from the samples of the hay-fed group, indicating that
different diet treatments had a significant effect on the rumen
epithelial bacterial communities (AMOVA, Fs = 9.136,
P < 0.001). Venn diagram analysis was conducted for further
understanding of bacterial community alterations. As shown
in the Venn profile, the numbers of unique OTUs assigned to
the hay-fed group and the HG group were 515 and 168, respec-
tively (Fig. S4). When the OTUs were assigned to the phyla, it
was observed that the shared OTUs (878) mainly belonged to
Bacteroidetes (39.60%), Firmicutes (35.29%), Proteobacteria
(11.69%), and Spirochaetae (4.05%). The unique OTUs in the
hay-fed group belonged to Bacteroidetes (1.64%), Firmicutes

(1.79%), Proteobacteria (0.21%), and Spirochaetae (0.29%),
while the unique OTUs in the HG-fed group mainly belonged
to Bacteroidetes (2.79%) and Firmicutes (0.89%).

Estimators of richness and diversity (Table 2) showed that
the HG diets significantly decreased the OTU numbers
(P = 0.002), ACE (P = 0.002), and Chao 1 (P = 0.001), but
there was no difference in the Shannon’s index (P = 0.078). At
the genus level, the relative abundances of Prevotella
(P = 0.030) and unclassified Clostridiales (P = 0.015) were
significantly increased, while there was a corresponding decline

Fig. 2 Principal coordinate analysis (PCoA) of the bacterial communities
in the rumen epithelial samples. Hay hay group, HG high-grain group

Hay HG

0

20

40

60

80

100

Prevotella
Butyrivibrio
Unclassified Rikenellaceae
Unclassified Lachnospiraceae
Unclassified Prevotellaceae
Unclassified Bacteroidales
Treponema
Desulfobulbus
Unclassified Clostridiales
Succiniclasticum
Campylobacter
Unclassified Ruminococcaceae
Unclassified Synergistaceae
Desulfovibrio
Unclassified Neisseriaceae
Fibrobacter
Comamonas
Shuttleworthia
Unclassified Erysipelotrichace
Unclassified Succinivibrionace
Unclassified Defluviitaleaceae
Unclassified Bacteroidetes
Unclassified Candidate_divisio
Unclassified Christensenellace
Syntrophococcus
Unclassified Lentisphaerae
Unclassified Candidate_divisio
Ruminococcus
Pyramidobacter
Unclassified Veillonellaceae

T
h
e
 r
e
la
ti
v
e
 a
b
u
n
d
a
n
c
e
 o
f 
g
e
n
e
ra
 

%
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in the abundances of Shuttleworthia (P = 0.026), unclassified
Ruminococcaceae (P = 0.030), Fibrobacteres (P = 0.002), and
unclassified Neisseriaceae (P = 0.006) in rumen epithelial bac-
terial communities after HG feeding (Table 3).

Metagenomic metabolic functions of rumen epithelial
bacteria

Functional predictions were performed using PICRUSt for
further understanding of rumen epithelial bacteria. As shown

in Fig. S5, 37 gene families were predicted to exist in all
samples. The functions of rumen epithelial bacteria were
mainly focused on membrane transport, carbohydrate metab-
olism, replication and repair, amino acid metabolism, energy
metabolism, glycan biosynthesis and metabolism, cell motili-
ty, lipid metabolism, and enzyme families. After performing a
PCA analysis of the KEGG pathways, we observed that the
hay and HG samples clustered differently (Fig. 3a). Compared
with the hay-fed group, the HG-fed group had a higher relative
abundance of gene families related to energy metabolism
(P = 0.001); folding, sorting, and degradation (P = 0.030);
translation (P = 0.001); metabolic diseases (P = 0.006); and
immune system (P = 0.038). At the same time, the HG group
had a lower relative abundance of gene families related to the
nervous system (P = 0.001) and lipid metabolism (P = 0.011)
(Fig. 3b).

Morphology and ultrastructure of the rumen epithelium

Results from hematoxylin and eosin staining revealed that the
rumen epithelium from hay-fed goats showed structural integ-
rity, whereas that from the HG-fed goats showed an obvious
peeling phenomenon and severe injury (Fig. 4a, b). When

Table 2 Effects of high-grain (HG) feeding on the average richness and
diversity of the rumen epithelial bacterial community at the 3% dissimi-
larity level

Items Hay HG SEM P value

OTUs 859 579 50 0.002

ACE 976 689 51 0.002

Chao 1 991 700 50 0.001

Shannon index 4.61 4.18 0.125 0.078

SEM standard error of the mean, Hay hay group, HG high-grain group,
OTUs operational taxonomic units, ACE abundance-based coverage
estimator

Table 3 Effects of high-grain (HG) feeding on average relative abundance of genus level (% of total sequences) in the rumen epithelia.

Phylum Family Genus or others Abundance (%) SEM P value

Hay HG

Bacteroidetes Prevotellaceae Prevotella 6.06 22.00 3.523 0.030

Unclassified Prevotellaceae 10.08 8.43 1.951 0.696

Rikenellaceae Unclassified Rikenellaceae 12.40 8.10 1.929 0.286

Unclassified Bacteroidales Unclassified Bacteroidales 7.83 6.56 1.088 0.585

Firmicutes Acidaminococcaceae Succiniclasticum 3.37 2.76 0.522 0.581

Erysipelotrichaceae Unclassified Erysipelotrichaceae 0.41 1.37 0.286 0.124

Lachnospiraceae Butyrivibrio 12.82 10.40 1.745 0.513

Unclassified Lachnospiraceae 10.09 10.29 1.523 0.952

Shuttleworthia 1.81 0.02 0.385 0.026

Ruminococcaceae Unclassified Ruminococcaceae 3.33 1.55 0.430 0.030

Unclassified Clostridiales Unclassified Clostridiales 1.83 4.74 0.645 0.015

Fibrobacteres Fibrobacteraceae Fibrobacter 1.89 0.57 0.251 0.002

Spirochaetae Spirochaetaceae Treponema 3.68 4.04 0.808 0.837

Synergistetes Synergistaceae Unclassified Synergistaceae 1.79 1.80 0.536 0.993

Proteobacteria Campylobacteraceae Campylobacter 3.95 2.09 0.653 0.183

Comamonadaceae Comamonas 1.52 0.41 0.322 0.083

Desulfobulbaceae Desulfobulbus 3.31 3.38 0.468 0.939

Desulfovibrionaceae Desulfovibrio 1.67 1.09 0.181 0.108

Neisseriaceae Unclassified Neisseriaceae 2.44 0.04 0.438 0.006

Succinivibrionaceae Unclassified Succinivibrionaceae 0.003 1.71 0.443 0.074

Only results obtained for the predominant bacterial genera (average relative abundance >1% in at least one group) are presented

SEM standard error of the mean, Hay hay group, HG high-grain group
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comparing the rumen epithelium ultrastructure, the hay-fed
goats displayed cell surface integrity (Fig. 4c), while the
HG-fed goats showed irregular edges (Fig. 4d). The integrity
of the cell organelles, mitochondria, and intercellular junctions
were normal (Fig. 4e) in the hay-fed group. However, in the
HG-fed group, numerous vacuoles were present in the cell
layers. In addition, we also observed mitochondrial swelling
and cellular junction erosion in the HG group (Fig. 4f).

Changes in the relative mRNA expression of cytokines

RT-qPCR was conducted to determine the relative messenger
RNA (mRNA) expression of inflammatory cytokines. As
shown in Fig. 5, compared with the hay diets, IL-1β and IL-
6 mRNA expressions were upregulated by 68% (P = 0.008)
and 103% (P = 0.001) by the HG diet, respectively. There
were no significant differences in the mRNA expressions of
IL-2 (P = 0.177), IL-10 (P = 0.283), IL-12 (P = 0.970), IFN-γ
(P = 0.261), and TNF-α (P = 0.164) between the hay-fed and
HG-fed goats.

Correlation analysis

This study evaluated the correlative relationships among
epithelial cytokines, rumen pH, LPS level, and rumen
epithelial dominant genera (Fig. 6). Rumen pH correlated
negatively with the expressions of IL-1β (r = −6.209;
P = 0.031) and IL-6 (r = −0.716; P = 0.009), whereas
the LPS level correlated positively with the expression of
IL-1β (r = 0.745; P = 0.005). In addition, the abundance
of seven taxa [four negative: Desulfovibrio (r = −0.656;
P = 0.021), Fibrobacter (r = −0.629; P = 0.028),
Comamonas (r = −0.654; P = 0.021), and unclassified
Neisseriaceae (r = −0.614; P = 0.034); three positive:
Treponema (r = 0.635; P = 0.027), unclassified
Succinivibrionaceae (r = 0.785; P = 0.003), and unclas-
sified Erysipelotrichaceae (r = 0.808; P = 0.002)] was
correlated with IL-1β expression. The proportion of three
genera [two positive: Prevotella (r = 0.614; P = 0.034)
and unclassified Clostridiales (r = 0.624; P = 0.030); one
negative: unclassified Neisseriaceae (r = −0.655;
P = 0.021)] was correlated with the IL-6 expression.

Fig. 3 Functional diversity of the
bacterial microbiota of the rumen
epithelium. a Principal
component analysis of KEGG
pathways encoded in the
microbiota of the rumen
epithelium in the hay and high-
grain (HG) groups. b Influence of
HG feeding on the abundance of
KEGG pathways of the rumen
epithelial microbiota of goats.
Only the KEGG pathways that
were significantly affected by di-
etary treatments are presented.
Hay hay group, HG high-grain
group

Appl Microbiol Biotechnol (2017) 101:6981–6992 6987



Three taxa [Treponema (r = 0.700; P = 0.011), unclassi-
fied Succinivibrionaceae (r = 0.608; P = 0.036), and un-
classified Erysipelotrichaceae (r = 0.578; P = 0.049)]
correlated positively with the IL-2 expression, and
Desulfobulbus correlated negatively with the IL-12 expression.

No significant correlations (P < 0.05) were found between the
abundance of predominant epithelial bacterial populations and
IL-10 and TNF-α expressions.

Discussion

When cattle are fed diets containing a high proportion of cereal
grain, the pH of the rumen contents often falls to low levels
(pH < 6) (Zebeli et al. 2008). This decreases the efficiency by
which feed is converted to VFA andmicrobial protein for animal
production (Zebeli et al. 2008). The drop in pH is often associ-
ated with the accumulation of VFA, which can lead to SARA
(Krause and Oetzel 2006; Gozho et al. 2006). Therefore, main-
taining a high rumen pH (pH > 5.8) is crucial for the prevention
of SARA and the maintenance of rumen health (Zebeli et al.
2008). In the present study, the average rumen pH and total
VFA level in the hay-fed goats were 6.67 and 68.28 μmol/g,
respectively. However, when compared with the hay diets, HG
diets resulted in decreased rumen pH (5.68) and increased con-
centration of total VFA (112.12 μmol/g) and LPS (71,318 EU/
g). These results were consistent with previous reports and sug-
gested that the high readily fermented carbohydrates in HG
diets led to the rapid accumulation of VFAs and hence a sharp
reduction in rumen pH (Krause and Oetzel 2006; Gozho et al.
2006). It has been suggested that rumen LPS is produced by

Fig. 5 Effects of high-grain (HG) feeding on the relative mRNA expres-
sion of cytokines in the rumen epithelium of goats. *P < 0.05. ns not
significant, Hay hay group, HG high-grain group

Fig. 4 Comparisons of rumen
epithelium histology of goats
from the hay group and the high-
grain (HG) group. Light micros-
copy cross-section of rumen epi-
thelium samples from the hay-fed
group (a; scale bar = 100 μm)
and the HG-fed group (b; scale
bar = 100 μm). Ultrastructure of
the rumen epithelium between the
hay-fed goats (c; scale
bar = 10 μm) and the HG-fed
goats (d; scale bar = 10 μm).
Comparison of junctional com-
plex ultrastructures in the rumen
epithelium of the hay-fed goats (e;
scale bar = 5 μm) and the HG-fed
goats (f; scale bar = 5 μm)
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gram-negative bacteria, and the significant correlations between
rumen LPS and the amount of gram-negative bacteria have
been demonstrated (Khafipour et al. 2009b; Metzler-Zebeli
et al. 2013).

Our results revealed a comprehensive structure of rumen
epithelial bacteria. At the phylum level, Firmicutes and
Bacteroidites dominated, followed by Proteobacteria,
Spirochaetae, Synergistetes, and Fibrobacteres. At the genus
level, the dominant genera included Butyrivibrio, unclassified
Rikenellaceae, unclassified Lachnospiraceae, unclassified
Prevotellaceae, and unclassified Bacteroidales. These results
confirmed the previous reports that the phyla Firmicutes,
Bacteroidites, and Proteobacteria were the core microbiomes
of the rumen epimural community (Li et al. 2012). In addition,
Firmicutes and Bacteroidites were also the most predominant
phyla in the rumen content, but Proteobacteriawas proportion-
ally less represented (Sadet-Bourgeteau et al. 2010). These re-
sults may imply some differences between the role of rumen
content bacteria and rumen epithelial bacteria and support fur-
ther investigation into the functions of rumen epithelial bacteria.

The normal rumen function is extremely important for ru-
minants. Rumen bacteria digest the cellulose (hay) and starch
(grains) to the fatty acid spectrum (such as acetate, propionate,
and butyrate), and the rumen epithelium successively absorbs
these energy compounds and then transports and utilizes them
as carbon and energy source for life. The structure and com-
position of rumen bacteria are affected by the host animal’s
age, diet, and antibiotic regime, as well as the animal’s care
and management (Stewart et al. 1997). Among these factors,
diet can be the primary influence on bacterial structure and
function (Tajima et al. 2000; Zhou et al. 2010). In the present
study, PCoA showed that the composition of the rumen

epithelial bacterial community in the HG group was signifi-
cantly different from the hay group. In addition, we observed a
reduction in bacterial richness in goats fed an HG diet with
decreased values of ACE and Chao 1. However, the bacterial
diversity was not affected in both the hay and HG groups. A
previous study reported that rumen epithelial bacteria were
relatively more stable than rumen content bacteria (Sadet-
Bourgeteau et al. 2010), and this study also showed that there
was no significant difference between rumen epithelial bacte-
rial communities from the hay and HG groups. However,
Chen et al. (2011) found that when beef cows were fed HG
diets, the bacterial diversity in rumen epithelial tissue was
altered. This discrepancy may be explained by the fact that
the two studies used different experimental designs, the diets
contained different components, and most importantly, there
may have been different host genetic effects from the animal
species used in the experiment (Chen et al. 2011).

At the genus level, the proportions of Prevotella and unclas-
sified Clostridiales in rumen epithelial bacterial communities
were increased after HG feeding. However, the proportions of
Shuttleworthia, unclassified Ruminococcaceae, Fibrobacter,
and unclassified Neisseriaceae were correspondingly de-
creased. Previous studies showed that the members of
Prevotella exhibited high functional diversity, and the
fermented substrates were very extensive, including various
hemicelluloses, pectin, starch, and protein (Bekele et al. 2010;
Purushe et al. 2010). Thus, the increase in the relative abun-
dance of Prevotella in the HG-fed group may be related to
higher starch content in an HG diet. Fibrobacter, which is the
major cellulose-degrading bacteria in the herbivore gut
(Ransom-Jones et al. 2012), is the only genus belonging to
the phylum Fibrobacteres. In our study, the decreased

Fig. 6 Correlation analyses
between the rumen fermentation
characteristics and epithelial
microbiota (at the genus level)
and the levels of epithelial
inflammatory cytokine
expression. Based on the Pearson
correlation coefficients, cells in
the figure were filled with
different colors. Among them, the
red color represented a significant
positive correlation (P < 0.05), the
blue color represented a
significant negative correlation
(P < 0.05), and the green color
represented a non-significant cor-
relation (P > 0.05) (color figure
online)
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proportion of Fibrobacter may be related to the low pH of the
rumen contents caused by HG feeding, since most rumen cel-
lulolytic bacteria are pH-sensitive (Hu et al. 2005). Information
about the genus Shuttleworthia is limited; therefore, its func-
tions are unknown. Collectively, the altered rumen epithelial
bacteria during HG feeding may disrupt the balance between
the potentially protective and pathogenic bacteria, which may
have detrimental effects on the host.

To further understand the functional roles of rumen epithe-
lial bacteria, PICRUSt was carried out in our study to predict
the potential functions of bacteria associated with rumen epi-
thelium. The results of PICRUSt here showed that rumen
epithelial bacteria had multiple and diverse functions, espe-
cially for membrane transport. The system ofmembrane trans-
port exists in all living organisms and is important and neces-
sary for the communications with the environment or other
tissues, such as importing molecules into cells and exporting
waste from the cells (Konishi et al. 2015). Thus, our data
demonstrated the previous concept that rumen epithelial bac-
teria were involved in host–microbial interactions (Chen et al.
2011) and that this process may be achieved by the membrane
transport system existing in both the bacteria and the rumen
epithelium. Rumen epithelial bacteria supported their growth
and reproduction by capturing nutrients and secreted function-
al proteins or substances (such as virulence and toxins) and
then regulated the function of the rumen epithelium (Cheng
andWallace 1979; Petri et al. 2013). Hence, it is not a surprise
that our data revealed that rumen epithelial bacteria also par-
ticipated in some metabolic functions, such as carbohydrate
metabolism, amino acid metabolism, energy metabolism, and
lipid metabolism. In addition, rumen epithelial bacteria were
predicted to have greater capabilities for replication and repair,
and this may be due to the rapid turnover rate of rumen epi-
thelial bacteria.

Diets could reshape the rumen epithelial bacterial community,
and the functions of rumen epithelial bacteria may be altered
along with their changes. In the present study, when compared
with the hay-fed group, the relative abundance of gene families
related to energy metabolism; folding, sorting, and degradation;
translation; metabolic diseases; and the immune system was
higher in the HG-fed group, while the relative abundance of gene
families related to the nervous system and lipid metabolism was
lower. The increased abundance of genes related to energy me-
tabolism suggested that the energy intake ability of the bacterial
communities may be enhanced after adapting HG diets. In addi-
tion, the abundance of genes related to the immune system was
increased after HG diets, indicating that HG diets may affect the
immune functions of rumen epithelial bacteria. However, due to
the complexity of the bacterial community and the current tech-
nical limitations, future research should be conducted to explore
and validate the functions of rumen epithelial bacteria.

The rumen epithelium has a multicellular structure (the strata
basale, granulosum, spinosum, and corneum layers) and

junctional complexes located in the stratum granulosum. It acts
as a physical protective barrier between the rumen contents and
the host, preventing the translocation of toxic compounds (such
as LPS), and also plays an important role in the absorption of
nutrients (such as VFAs) (Steele et al. 2011b). In the rumen,
rumen epithelial bacteria attach to the epithelial tissue of the
rumen wall, so the alteration in its composition may affect the
function of the rumen epithelium. In the present study, the results
from the ultrastructure revealed that the rumen epithelium from
hay-fed goats exhibited the integrity of the cell surface, cell or-
ganelles, and the tight intercellular junctions. As expected, the
present study showed that HG feeding disrupted the integrity of
the cell surface and organelles and resulted in the intercellular
junction erosion in the rumen epithelium, and a possible expla-
nation is that the alterations in rumen fermentation and in the
composition and function of rumen epithelial bacteria caused
by HG feeding affected the integrity and function of the rumen
epithelium. Indeed, earlier studies have shown that HG diets can
result in rumen epithelial injuries in goats or dairy cows (Steele
et al. 2011b; Liu et al. 2013). Therefore, our results were consis-
tent with these earlier reports and further suggested that HG diets
could result in damage to rumen epithelial ultrastructure, mani-
fested as cell surface shedding, fracture of the tight junction, and
the larger intracellular spaces. Meanwhile, the expressions of
inflammatory cytokines IL-1β and IL-6 were upregulated after
HG feeding. Under normal physiological conditions, the barrier
function of the intact rumen epithelium prevents the paracellular
transport of toxic compounds across the epithelium
(Steele et al. 2011b). Lines of evidence in human studies
suggested that the cytokines IL-1β and IL-6 impaired in-
testinal barrier function by decreasing tight junction pro-
tein expression (Al-Sadi and Ma 2007; Suzuki et al.
2011). If IL-1β and IL-6 have a similar function in the
rumen epithelium, they may contribute to increasing the
permeability and reducing the rumen epithelium barrier
function of goats fed an HG diet.

An observation from this study that is both intriguing and
worth pursuing is the consistency of functional changes in the
rumen epithelium and the rumen epithelial bacteria. As men-
tioned above, results of PICRUSt suggested that the abun-
dance of genes related to the immune system was increased
in the rumen epithelial bacteria after the HG diets.
Correspondingly, the immune responses that occurred in the
rumen epithelium, such as a local inflammation and elevated
expression of Toll-like receptor genes, have also been reported
by previous studies (Chen et al. 2012; Dionissopoulos et al.
2012). Similarly, our results also indicated that the HG-fed
goats had a higher relative abundance of genes from the ener-
gy metabolism family. This alteration corresponded to the
upregulation of energy-demanding or energy-metabolizing
events recorded in the rumen epithelium during HG feeding,
such as rumen papillae proliferation, enhanced VFA absorp-
tion, and increased expression of vH+-ATPase (Shen et al.
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2004; Penner et al. 2009; Kuzinski et al. 2012). These findings
further demonstrated the close relationship between the rumen
epithelial bacteria and the rumen epithelium. We can reason-
ably speculate that there is a synergistic effect between the
functions of rumen epithelial bacteria and the rumen epitheli-
um and also provide more direct evidence about the rumen
epithelial bacteria contributing to the alterations in the rumen
epithelium during HG feeding. However, without a doubt, the
mechanisms behind these host–microbial interactions need
further study.

The exact mechanisms responsible for local inflammation
are not clear. In this study, our results showed that pH was
negatively correlated with the increased mRNA abundances
of IL-1β and IL-6, while the concentration of LPS was signif-
icantly correlated with IL-1β. These results suggested that
rumen pH and LPS level may play an important role in induc-
ing local inflammation. Indeed, in human medical studies, the
effects of high acidity and LPS accumulation on intestinal
inflammation are well-documented (Mortensen and Clausen
1996; Maes et al. 2008). Thus, the decreased pH and elevated
LPS concentration in rumen content from HG-fed goats may
contribute to the occurrence of local inflammation, accompa-
nying the secretion of pro-inflammatory cytokines in the ru-
men epithelium.

In conclusion, feeding goats HG diets resulted in an in-
crease in the concentrations of VFAs and LPS and a decrease
in rumen pH. Changes in rumen fermentation characteristics
further led to a shift in rumen epithelial bacterial communities,
which eventually resulted in rumen epithelial injuries.
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