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Understanding of the colonization process of epithelial bacteria attached to the rumen tissue during rumen development is very
limited. Ruminal epithelial bacterial colonization is of great significance for the relationship between the microbiota and the
host and can influence the early development and health of the host. MiSeq sequencing of 16S rRNA genes and quantitative real-
time PCR (qPCR) were applied to characterize ruminal epithelial bacterial diversity during rumen development in this study.
Seventeen goat kids were selected to reflect the no-rumination (0 and 7 days), transition (28 and 42 days), and rumination (70
days) phases of animal development. Alpha diversity indices (operational taxonomic unit [OTU] numbers, Chao estimate, and
Shannon index) increased (P < 0.01) with age, and principal coordinate analysis (PCoA) revealed that the samples clustered to-
gether according to age group. Phylogenetic analysis revealed that Proteobacteria, Firmicutes, and Bacteroidetes were detected as
the dominant phyla regardless of the age group, and the abundance of Proteobacteria declined quadratically with age (P <
0.001), while the abundances of Bacteroidetes (P � 0.088) and Firmicutes (P � 0.009) increased with age. At the genus level, Esch-
erichia (80.79%) dominated at day zero, while Prevotella, Butyrivibrio, and Campylobacter surged (linearly; P < 0.01) in abun-
dance at 42 and 70 days. qPCR showed that the total copy number of epithelial bacteria increased linearly (P � 0.013) with age.
In addition, the abundances of the genera Butyrivibrio, Campylobacter, and Desulfobulbus were positively correlated with rumen
weight, rumen papilla length, ruminal ammonia and total volatile fatty acid concentrations, and activities of carboxymethylcel-
lulase (CMCase) and xylanase. Taking the data together, colonization by ruminal epithelial bacteria is age related (achieved at 2
months) and might participate in the anatomic and functional development of the rumen.

Recent years have witnessed growing interest in the diversity
and function of ruminal epithelial bacteria. It has been dem-

onstrated that ruminal epithelial bacteria are involved in oxygen
scavenging, tissue recycling, and urea digestion (1). Furthermore,
in steers, the ruminal epithelial bacterial communities of acidosis-
resistant and acidosis-susceptible groups were different during
subacute ruminal acidosis development, and this difference could
be recognized by the host TLRs (Toll-like receptors), which are
associated with changes in the function of the rumen epithelial
tissue barrier (2). Similarly, in the mouse colon, epithelial bacte-
rial diversity correlated with TLR2 and TLR4 gene expression (3).
These findings reveal that since epithelial bacteria are directly at-
tached to the epithelial surface, their end products may play a
direct or indirect role in host immune responses and tissue barrier
function.

Ruminal epithelial bacteria are distinctly different at the taxo-
nomic level from bacteria associated with rumen contents (4, 5).
By use of culture-based techniques, the ruminal epithelial com-
munities have been found to comprise predominantly Gram-pos-
itive, facultatively anaerobic flora, among which Butyrivibrio spp.
(31.1%), Bacteroides spp. (22.4%), Selenomonas ruminantium
(9.9%), Succinivibrio dextrinosolvens (8.7%) and Streptococcus bo-
vis (8.1%) predominate (6). At the class level, ruminal epithelial
bacteria were found by pyrosequencing to be composed mainly of
Clostridia (67%), Bacteroidia (9%), Deltaproteobacteria (4%), and
Erysipelotrichia (3%) (7).

Diet is an indispensable determinant of the structure and func-
tion of the diverse microbial populations in rumen contents and
attached to rumen tissue. In the rumen contents of dairy cows,
deep amplicon sequencing of the 16S rRNA gene revealed a higher

abundance of members of the Fibrobacteraceae family in total
mixed-ration samples and a lower abundance of members of the
propionate-producing Veillonellaceae than in pasture samples (8).
Moreover, based on sequence information from the reference
marker of PCR-denaturing gradient gel electrophoresis (DGGE),
abundances of the phyla Firmicutes and Proteobacteria in the
heifer ruminal epithelial bacterial community decreased in re-
sponse to a rapid transition from a diet containing 97% hay to a
diet containing 8% hay (9).

The process of bacterial colonization in the developing rumen
is important for the achievement of rumen functions. Bacterial
colonization can influence the early development and productive
efficiency of the mature animal (10). In cow rumen contents, the
bacterial composition underwent dynamic changes during the
first 2 years; levels of members of the phylum Proteobacteria de-
creased with age, while those of Bacteroidetes and Firmicutes in-
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creased with age (11). Our earlier study showed that during the
three typical phases of the rumen development process (nonru-
mination, 0 to 3 weeks; transition, 3 to 8 weeks; rumination, from
8 weeks on) in goats, microbial colonization of the rumen con-
tents occurs at 1 month, functional achievement at 2 months, and
anatomic development after 2 months (12). Nonetheless, research
into age-related dynamic colonization by ruminal epithelial bac-
terial populations has been very limited. Therefore, we aimed to
characterize the sequential dynamics of ruminal epithelial bacte-
rial colonization and to explore its relationship with previously
published rumen anatomic and functional parameters.

MATERIALS AND METHODS
Sample collection. This study was conducted using samples collected
from 17 selected goat kids offered supplemental feeding (a feed concen-
trate in addition to forage after 20 days postbirth) in our previous study
(12). The use of animals, including welfare, husbandry, experimental pro-
cedures, and the collection of rumen samples used for this study, was
approved by the Animal Care Committee, Institute of Subtropical Agri-
culture, Chinese Academy of Sciences, Changsha, China. Immediately
after birth, each goat kid was placed in an individual pen so as to avoid
direct contact with other adult animals and other kids. The kids were then
maintained, each within an individual pen, for the duration of the study.
From 0 to 20 days, the kids were offered goat milk (1 liter per meal) twice,
at 0800 and 1700 h. Between days 20 and 40, feed was provided individu-
ally twice daily, at 0800 and 1700 h; at each meal, the kids received a bucket
of goat milk (0.5 liter) and a separate bucket containing a mixture of
forage (fresh grass; 0.04 kg [dry matter {DM}]/meal) and a starter con-
centrate (0.12 kg [DM]/meal). The kids were weaned at 40 days, and from
then until 70 days, they were fed the starter concentrate (0.17 kg [DM]/
meal) and forage (0.06 kg [DM]/meal). The starter concentrate contained,
per kilogram (DM), 74.1 g whey powder, 211 g corn flour, 320 g bean
meal, 65 g fish meal, 220 g fat powder, 51 g milk powder, 8.6 g CaCO3, 25.3
g CaHPO4, 5 g NaCl, and 20 g premix. The starter concentrate and forage
were offered ad libitum. Four kids were slaughtered at 0 and 42 days, and
three kids were slaughtered at 7, 28, and 70 days. Immediately after the
kids were slaughtered, the rumen tissue was scraped to remove attached
feed particles and was rinsed three times with sterile phosphate-buffered
saline (pH 7.4) to remove nonadherent bacteria. The samples were then
transferred into RNAlater solution (Invitrogen, Carlsbad, CA) and were
stored at �20°C until molecular analysis.

DNA extraction and preparation of amplicons for high-throughput
sequencing. Total DNA was extracted from the 17 rumen mucosal tissue
samples using the bead-beating method as suggested by Chen et al. (9).
The quality and quantity of DNA were measured using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington,
DE, USA). The total DNA of the rumen tissue was then diluted to 50 ng/�l
and was used in the preparation of amplicons for high-throughput se-
quencing. Conventional PCR was performed to amplify the V2 and V3
regions of the 16S rRNA gene using universal primers 104F (5=-
NNNNNN GGCGVACGGGTGAGTAA-3=) and 530R (5=-CCGCNGCN
GCTGGCAC-3=) (13). The forward primer, 104F, contained 6-base bar-
codes [represented by the italicized poly(N) section of the primer
sequence] at the 5= terminus. All the 104F primer barcodes used are pre-
sented in Table S1 in the supplemental material. PCR mixtures (50 �l)
contained 30 ng DNA template, 5 �l of 10� Pfx amplification buffer, 2 �l
of a 10 mM deoxynucleoside triphosphate (dNTP) mixture, 2 �l of 50
mM MgSO4, 1 �l of Platinum Pfx DNA polymerase, 0.25 �l of bovine
serum albumin (20 mg/ml), and 2 �l of each primer (10 �M) (Invitrogen,
Life Sciences, USA). Reaction conditions consisted of an initial cycle of
95°C for 3 min, followed by 35 cycles of 95°C for 30 s, 58°C for 30 s, and
72°C for 45 s, and a final extension of 72°C for 10 min. PCR products were
excised from a 1.5% agarose gel and were purified using the Wizard SV Gel
and PCR Clean-Up system (Promega, Madison, WI, USA). Bar-coded

V2–V3 amplicons were mixed at equal molar ratios and were subjected to
Illumina paired-end library preparation, cluster generation, and 300-bp
paired-end sequencing on an Illumina MiSeq PE300 instrument.

Data analysis. Raw data were filtered through a quality control pipe-
line using the Quantitative Insight into Microbial Ecology (QIIME) tool
kit (14) and mothur (15). Specifically, the 300-bp reads were truncated at
any site of �3 sequential bases receiving a quality score of �Q20, and any
read containing ambiguous base calls or barcode/primer errors was dis-
carded, as were reads with �80% (of total read length) consecutive high-
quality base calls. Sequences were deconvoluted into individual samples
based on their barcodes. For paired-end reads, only sequences that over-
lapped �10% and had �10% mismatches were assembled according to
their overlap sequence using COPE (Connecting Overlapped Pair-End)
(16). The assembled sequences were then trimmed of primers and were
assigned to operational taxonomic units (OTUs) at a 97% identity thresh-
old using UPARSE (17). Chimeric sequences were identified and removed
using UCHIME (18). Taxonomy classifications were assigned against the
latest Greengenes database (May 2013 release) (19) using the mothur-
based implementation of the RDP Bayesian classifier with a 0.80 confi-
dence threshold. Sequences were aligned by PyNAST, and a phylogenetic
tree was constructed using FastTree (20). Taxonomic identification and
comparisons were performed at the phylum and genus levels.

Alpha diversity values for ruminal epithelial bacterial communities of
kids at different ages (0, 7, 28, 42, and 70 days) were obtained using
various diversity indices (observed species, Chao estimate, abundance-
based coverage estimator [ACE], Shannon and Simpson diversity indices)
and using the alpha rarefaction pipeline at a sequence depth of 27,000 as
the number nearest to the minimum number of sequence reads per sam-
ple for all 17 samples (27,120). Principal coordinate analysis (PCoA) of
microbial communities (jackknifed beta diversity from resampling 100
times at a depth of 20,250 sequences) was performed using Bray-Curtis
distance. Within-group similarity was calculated as the average of the
pairwise similarity between each two paired samples within each group
using the Bray-Curtis metric.

A transformation-based principal components analysis (tb-PCA) (21)
using the Hellinger distance was used to ordinate the 17 samples accord-
ing to OTU abundance data. Only the top 10 OTUs for which differences
in abundance among 17 samples contributed most to the clustering ob-
tained from the tb-PCA were selected and represented in the tb-PCA. The
OTUs were identified by using the largest contributors to the first two
principal components as selection criteria.

Quantification of total bacteria and selected bacterial genera. Abso-
lute quantitative real-time PCR (qPCR) was performed to determine the
copy numbers of the 16S rRNA genes of total bacteria and of two selected
bacterial genera (Prevotella and Bacteroides). The primers, which were
validated previously (22–24), are listed in Table S2 in the supplemental
material. qPCR was performed using SYBR Premix Ex Taq (Perfect Real
Time) (TaKaRa, Japan) on an ABI 7900HT Fast real-time PCR system
(Applied Biosystems, Foster City, CA, USA). The standard curves for total
bacteria and for each bacterial genus were prepared using plasmid DNA
containing each unique 16S rRNA insert. The copy number of the 16S
rRNA gene per gram of fresh tissue was calculated as described by Zhou et
al. (25). The relative abundances of bacterial genera were calculated by
dividing the copy number of the 16S rRNA gene for each genus by the
copy number of the 16S rRNA gene for total bacteria.

Statistical analysis. The apparent relative abundances of communi-
ties at the phylum and genus levels, the alpha diversity indices (MiSeq
sequencing), and the qPCR results for total ruminal epithelial bacteria and
abundant bacterial genera were analyzed in a completely randomized de-
sign with the MIXED procedure of SAS (SAS Institute, Inc., Cary, NC).
The model included the fixed effect of age and the random effect of the
animal within age, with the individual animal as the experimental unit.
Orthogonal contrasts were used to test for the linear and quadratic effects
of age. Statistical significance was accepted at a P value of �0.05, and a P
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value of �0.10 was considered to indicate a trend. All data presented are
expressed as least-squares means.

Spearman’s rank correlations between the ruminal bacterial commu-
nity (MiSeq relative abundance) and anatomic and functional variables
were analyzed using the PROC CORR procedure of SAS. Only bacterial
groups that represented �2% of the total community in at least one sam-
ple and that were detected in �50% of the rumen tissue samples were
included in the analysis.

Nucleotide sequence accession numbers. The sequencing data ob-
tained in this study were deposited in the Metagenomics RAST (MG-
RAST) server under identification numbers (IDs) 4613702.3 to 4613735.3
and in the NCBI Sequence Read Archive (SRA) under accession numbers
SRR1823055, SRR1823127, SRR1823131, SRR1823138, SRR1823141,
SRR1830869, SRR1830870, and SRR1830872 to SRR1830881.

RESULTS
Sampling depth, coverage, and alpha diversity. After data filter-
ing, quality control, assembling of paired-end reads, and removal
of primers, chimeras, and low-confidence singletons, a total of
1,064,895 V2–V3 16S rRNA sequence reads from the 17 samples,
with an average of 62,641 sequence reads for each sample (the
minimum value for one sample was 27,120 sequence reads, and
the maximum was 130,437), were used in this project. The average
length of sequence reads after primer removal was 383 bp. The
overall number of OTUs detected by the analysis reached 2,409
based on 97% nucleotide sequence identity between reads.

With a subsample of 27,000 reads for every sample, the rarefac-
tion curves (see Fig. S1 in the supplemental material) showed that
most of our sampling effort provided sufficient OTU coverage to
accurately describe the bacterial composition of each group. Al-
pha diversity measures (Table 1) indicated that age did not affect
coverage (P � 0.05) but showed a trend toward increasing values
(P � 0.058) on the ACE index. Moreover, the number of OTUs,
the Chao estimate, and the Shannon index increased linearly with
age (P � 0.05), while the Simpson index declined linearly with age
(P � 0.001).

Taxonomic composition of ruminal epithelial bacterial pop-
ulations across different age groups. In total, 26 phyla were iden-
tified within the ruminal epithelial microbiota. The abundance of
15 phyla in all the samples was �0.5%; these were Acidobacteria,
Cyanobacteria, Elusimicrobia, Gemmatimonadetes, Lentisphaerae,
NC10, Nitrospirae, OD1, OP11, Planctomycetes, Spirochaetes, Syn-
ergistetes, TM6, Tenericutes, and Verrucomicrobia. Among the 26
phyla, the Proteobacteria, Firmicutes, and Bacteroidetes were de-
tected as the dominant phyla regardless of the age group (Table 2),
but their ratio and composition differed considerably among the
groups. The phylum Proteobacteria was the most abundant phy-

lum in samples from 0 and 7 days, reaching proportions as high as
�85%. Afterwards, the abundance of Proteobacteria declined qua-
dratically (P � 0.001) with age. The phylum Bacteroidetes exhib-
ited low values during the first week (�5%), and its abundance
increased significantly afterwards (approximately 10%). The Fir-
micutes increased quadratically (P � 0.009) with age, becoming
dominant at 42 and 70 days (54.71% and 40.29%, respectively).
The Actinobacteria (P � 0.096) and TM7 tended to increase lin-
early (P � 0.067) with age, while age had quadratic effects on the
abundances of Chloroflexi (P � 0.014) and Thermi (P � 0.051).
Furthermore, the Fibrobacteres and Fusobacteria peaked at relative
abundances of 0.49% at 42 days and 1.18% at day zero, respec-
tively.

Of the 26 genera observed with �0.5% of relative abundance,
15 changed significantly with age (Table 3), while the others re-
mained relatively stable. Moreover, a great proportion of se-
quences (ranging from 13.38% to 82.99%) remained unclassified
at the genus level. Within the Bacteroidetes phylum, the genus
Bacteroides peaked at 2.46% (7 days), and Porphyromonas abun-
dance decreased linearly (P � 0.011) with age, while Prevotella
abundance increased linearly (P � 0.022) with age. In the Firmi-
cutes phylum, the genus Butyrivibrio exhibited low values during
the first week (�1%) but became dominant afterwards, peaking at
41.38% relative abundance at 42 days. The abundance of Mogibac-
terium increased linearly (P � 0.003) with age, and that of p-75-a5
tended to increase quadratically (P � 0.077) with age. In contrast,
the relative proportions of Oscillospira and Streptococcus declined
with age. In the Proteobacteria phylum, the genus Escherichia was
dominant at day zero (80.79%), decreased quadratically (P �
0.001) with age, and reached stable values (about 1%) after 28
days. In contrast, the proportion of Campylobacter was very minor
during the first week (�1%) but surged afterwards, peaking at
29.99% at 70 days. Age had linearly decreasing effects on the gen-
era Arcobacter (P � 0.038) and Enterobacter (P � 0.077) but, con-
versely, had increasing linear effects on Desulfobulbus (P � 0.033)
and quadratic effects on Paracoccus (P � 0.075). Of the other
minor genera that did not belong to these three phyla, Actinomy-
ces, SHD-231, Fibrobacter, Fusobacterium, and Thermus peaked at
0.21% (70 days), 0.80% (28 days), 0.49% (42 days), 1.18% (0
days), and 1.31% (42 days), respectively.

TABLE 1 Alpha diversity measures of the ruminal epithelial bacterial
communities in kids at different agesa

Alpha
diversity
index

Value at the following age (day):

SEM

P valueb

0 7 28 42 70 L Q

OTUs 272.3 279.7 430.3 527.5 453.0 73.24 0.032 0.123
Chao 437.1 466.9 566.9 726.9 640.2 75.51 0.025 0.166
ACE 581.1 609.3 565.2 790.7 661.2 69.81 0.210 0.436
Shannon 1.61 1.37 2.91 2.96 3.22 0.383 0.002 0.158
Simpson 0.37 0.56 0.20 0.17 0.10 0.065 0.001 0.326
Coverage 0.995 0.995 0.995 0.993 0.994 0.001 0.151 0.456
a From 27,000 reads.
b L, linear; Q, quadratic.

TABLE 2 Phylum-level taxonomic composition of the ruminal
epithelial bacterial communities at different ages in kidsa

Phylum

% of sequences at the following
age (days):

SEM

P valueb

0 7 28 42 70 L Q

Actinobacteria 0.24 0.22 1.86 1.18 1.28 0.51 0.096 0.139
Bacteroidetes 1.57 3.31 12.80 8.61 10.57 3.77 0.088 0.227
Chloroflexi 0.00 0.01 0.80 0.22 0.42 0.11 0.013 0.014
Fibrobacteres 0.00 0.01 0.06 0.49 0.18 0.24 0.344 0.453
Firmicutes 1.94 7.06 16.99 54.71 40.29 4.84 �0.0001 0.009
Fusobacteria 1.18 0.85 0.04 0.00 0.00 0.61 0.151 0.363
Proteobacteria 90.13 86.29 60.65 28.64 45.42 4.74 �0.0001 0.0003
TM7 0.03 0.01 0.01 0.29 0.17 0.08 0.067 0.562
Thermi 0.23 1.21 1.13 1.31 0.00 0.49 0.511 0.051
Unclassified 4.63 0.81 0.74 4.06 1.12 1.73 0.565 0.891
Others (�0.5%) 0.06 0.23 4.94 0.50 0.54 0.15 0.025 0.600
a Data for the top 9 phyla are shown.
b L, linear; Q, quadratic.
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OTU diversity and similarity analysis. To minimize the vari-
ations created by different sample depths, jackknife subsampling
(resampling 100 times at a depth of 20,250 sequences) was used in
our study before beta diversity analysis was performed. PCoA
analysis using the Bray-Curtis similarity metric revealed that the
samples clustered according to age group (Fig. 1). The average
within-group similarity showed a significant difference between
different age groups; the values at 28, 42, and 70 days exceeded
those at 0 and 7 days (Fig. 2).

Ten dominant OTUs that contributed to the separation of the
ruminal bacterial community at five different ages were identified
(Fig. 3). The two dominant OTUs that separated samples at day
zero from others were identified as Escherichia spp. Two OTUs in
the Neisseriaceae and Ruminococcaceae families separated samples
at 7 days from others. Likewise, for the separation of samples at 28
days, one OTU was identified (Ruminococcus spp.). The four
OTUs contributing to the separation of samples at 42 days and 70
days from others displayed high identity to Butyrivibrio spp. and
Campylobacter spp.

Quantification of total ruminal epithelial bacteria and abun-
dant bacterial genera. As illustrated by qPCR, the total ruminal
epithelial bacterial copy numbers (P � 0.013) and the abundance
of the genus Prevotella increased linearly (P � 0.049) with age
(Table 4). Age did not affect (P � 0.05) the abundance of the genus
Bacteroides.

Relationship between the bacterial community and ana-
tomic and functional variables. The abundance of the bacterial
community at the genus level and anatomic and functional vari-
ables were regarded as correlated with each other if their correla-
tion coefficients were above 0.55. The relative abundances of the
genera Bacteroides, Escherichia, and Fusobacterium were negatively
correlated with rumen weight, while the relative abundances of
Butyrivibrio, Campylobacter, Desulfobulbus, Prevotella, and Rumi-
nococcus were positively correlated with rumen weight (Fig. 4).
The rumen papilla length was positively correlated with the rela-
tive abundances of Butyrivibrio, Campylobacter, Desulfobulbus,
and Ruminococcus but was negatively correlated with the relative
abundances of Escherichia and Fusobacterium. The ammonia con-

TABLE 3 Genus-level taxonomic composition of the ruminal epithelial bacterial communities at different ages in kids

Phylum Genus

% of sequences at the following age (days):

SEM

P valuea

0 7 28 42 70 L Q

Bacteroidetes Bacteroides 0.12 2.46 0.80 0.03 0.01 0.591 0.107 0.759
Porphyromonas 0.70 0.44 0.02 0.00 0.00 0.178 0.011 0.083
Prevotella 0.47 0.20 4.86 5.76 5.18 1.718 0.022 0.149

Firmicutes Bulleidia 0.00 0.01 0.24 0.05 0.07 0.093 0.576 0.240
Butyrivibrio 0.10 0.56 8.90 41.38 30.13 5.606 0.000 0.086
Lysinibacillus 0.00 0.00 0.55 0.00 0.00 0.213 0.947 0.197
Mogibacterium 0.00 0.01 0.42 0.17 0.51 0.102 0.003 0.648
Oscillospira 0.02 0.91 0.12 0.04 0.04 0.095 0.005 0.839
Ruminococcus 0.02 0.05 0.82 0.52 0.30 0.351 0.441 0.158
Streptococcus 0.38 0.12 0.35 0.00 0.00 0.117 0.056 0.964
Succiniclasticum 0.00 0.01 0.28 0.04 0.12 0.107 0.468 0.353
p-75-a5 0.00 0.00 0.02 0.11 0.82 0.182 0.006 0.077

Proteobacteria Acidovorax 0.21 0.16 0.14 0.30 0.00 0.106 0.343 0.286
Acinetobacter 0.08 0.05 0.11 0.72 0.01 0.322 0.752 0.255
Actinobacillus 0.49 0.01 0.01 0.00 0.00 0.219 0.259 0.332
Arcobacter 0.37 0.75 0.08 0.02 0.00 0.206 0.038 0.406
Burkholderia 0.00 0.01 0.26 0.00 0.00 0.084 0.901 0.129
Campylobacter 0.02 0.50 4.27 20.33 29.99 4.467 �0.0001 0.560
Desulfobulbus 0.00 0.01 0.00 0.40 3.78 1.154 0.033 0.160
Enterobacter 0.27 0.01 0.02 0.02 0.00 0.071 0.077 0.178
Escherichia 80.79 7.48 1.65 0.23 0.06 3.578 �0.0001 �0.0001
Herbaspirillum 0.00 0.06 1.09 0.00 0.00 0.376 0.896 0.156
Janthinobacterium 0.00 0.01 0.33 0.00 0.00 0.110 0.902 0.141
Mannheimia 0.31 0.01 0.01 0.00 0.00 0.141 0.269 0.366
Paracoccus 0.00 0.00 0.13 0.21 0.00 0.089 0.631 0.075
Succinivibrio 0.00 0.04 3.27 0.01 0.00 1.142 0.938 0.156
Variovorax 0.00 0.01 0.26 0.00 0.00 0.087 0.915 0.151

Actinobacteria Actinomyces 0.03 0.01 0.03 0.00 0.21 0.078 0.116 0.184
Chloroflexi SHD-231 0.00 0.01 0.80 0.21 0.42 0.111 0.013 0.014
Fibrobacteres Fibrobacter 0.00 0.01 0.06 0.49 0.18 0.237 0.344 0.453
Fusobacteria Fusobacterium 1.18 0.85 0.04 0.00 0.00 0.612 0.151 0.363
Thermi Thermus 0.23 1.21 1.13 1.31 0.00 0.490 0.510 0.051
Unclassified 13.38 82.99 66.02 26.00 27.13 7.535 0.055 0.014
Others (�0.5%) 0.83 1.05 2.91 1.65 1.00 0.812 0.845 0.107
a L, linear; Q, quadratic.
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centration was positively correlated with the total bacterial copy
number and the abundances of Butyrivibrio, Campylobacter, and
Ruminococcus but was negatively correlated with the abundances
of Escherichia and Fusobacterium. The total volatile fatty acid
(TVFA) concentration was positively correlated with Butyrivibrio,
Campylobacter, and Desulfobulbus abundances but negatively cor-
related with Bacteroides, Escherichia, and Fusobacterium abun-
dances. Furthermore, xylanase activity was positively correlated

with Butyrivibrio, Campylobacter, and Desulfobulbus abundances
but negatively correlated with Acinetobacter, Bacteroides, Esche-
richia, Fusobacterium, and Thermus abundances. Carboxymethyl-
cellulase (CMCase) activity was positively correlated with Desul-
fobulbus abundance but negatively correlated with Acinetobacter,
Bacteroides, Escherichia, Fusobacterium, and Thermus abundances.
Amylase activity was negatively correlated with Butyrivibrio abun-
dance.

DISCUSSION

Relationships between gastrointestinal microbial communities
and their hosts have been shown in recent years to play an impor-
tant role in the host’s well-being and proper function. The objec-
tive of this study was to evaluate how bacteria colonized the rumen
epithelium during normal development. Using MiSeq sequenc-
ing, we obtained 62,641 reads on average for each sample (with a

FIG 1 Principal coordinate analysis (PCoA) of the ruminal epithelial bacterial
OTUs at different ages in kids. d, days.

FIG 2 Within-group similarity, calculated as the average of the pairwise sim-
ilarity between each two paired samples within each group using the Bray-
Curtis metric. The closer the similarity is to 1, the higher the average similarity
within a group. Letters above the bars indicate the significance of differences
between groups; groups with different letters have significantly different sim-
ilarity values (P � 0.05).

FIG 3 Transformation-based PCA of ruminal epithelial bacterial OTUs at
different ages in kids. The top 10 OTUs contributing to the separation of
samples are displayed. OTU2, Neisseriaceae family; OTU108, Ruminococcaceae
family; OTU5, Escherichia genus; OTU3977, Escherichia genus; OTU128, Ru-
minococcus genus; OTU6, Butyrivibrio genus; OTU7, Campylobacter genus;
OTU12, Butyrivibrio genus; OTU113, Campylobacter genus; OTU1340, Butyr-
ivibrio genus.

TABLE 4 qPCR results for total bacteria and two genera of the ruminal
epithelial bacterial communities at different ages in kids

Taxon

Abundancea at the following age
(days):

SEM

P valueb

0 7 28 42 70 L Q

Bacteria 1.37 1.43 3.72 3.09 4.40 0.838 0.013 0.510
Prevotella 2.36 4.29 3.75 8.25 7.26 1.820 0.049 0.556
Bacteroides 2.39 3.23 1.13 2.91 4.71 1.396 0.314 0.259
a The abundance of total bacteria is expressed as 108 copy numbers per gram of rumen
tissue. The relative abundances of the Prevotella and Bacteroides genera are expressed as
percentages, calculated by dividing the 16S rRNA gene copy number of each genus by
the 16S rRNA gene copy number of total bacteria.
b L, linear; Q, quadratic.
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minimum of 27,120 reads) with good coverage (�99.6%). Fur-
thermore, our results suggest that each age group has its own
distinct epithelial microbiota, as reflected by the clustering of sam-
ples by age group using PCoA and tb-PCA. Meanwhile, most of
the alpha diversity indices (except ACE and the Simpson index)
increased with age, suggesting that the microbiota in older age
groups is more diverse than that in earlier age groups. This is
similar to the process of microbial colonization of the rumen con-
tents (11, 26).

Individual variation is an indispensable determinant of micro-
biota taxa. Although the experimental conditions, diet, and sam-
pling procedures were similar for bovine rumen samples, a large
fraction of the OTUs (50%) occurred in only a small number of
samples (0 to 30%), implying that bacterial taxa differed consid-
erably between individual bovine rumen contents (27). Similarly,
within-group similarity in the rumen epithelial bacterial commu-
nity in our study during the first week was quite low (around 0.2).
Despite this, we observed a drastic increase in within-group sim-
ilarity with age. This suggests that the rumen epithelium in older
groups is a more restricted environment, housing a bacterial com-
munity more homogeneous than the earlier, heterogeneous com-
munity.

Host genetics is another factor affecting gastrointestinal mi-
crobial adaptation and evolution (28). In newborn calves, the
bacterial communities of fecal content samples revealed higher
similarity in PCR–single-strand conformation polymorphism
(PCR-SSCP) profiles for twins than for their coresidents of the
same age, indicating that individual microbial diversity might be
genetically influenced (29). In our study, the effects of age on
rumen epithelial bacterial diversity were compared using different
groups of kids, which also accounted for the variation. Moreover,
total epithelial bacterial populations for alfalfa hay- and oat-fed
dairy calves (30), hay-fed sheep (31), and concentrate- and fresh-
grass-fed goat kids (this study) ranged from 4.4 � 109 to 4.2 �
1010, 4.4 � 107 to 2.2 � 108, and 1.4 � 108 to 4.4 � 107 copy
numbers per g of wet tissue, respectively. Besides the differences in
model animals, diet, the DNA extraction method, and PCR prim-
ers and conditions, the host might also be an important determi-
nant in regulating bacterial density.

In all age groups, Firmicutes, Bacteroidetes, and Proteobacteria
were the dominant phyla in the epithelial microbiota, and their
abundances and genus compositions differed remarkably, in line
with previous studies (7, 32). Similarly, at the genus level, al-
though the abundances of some genera changed with age, they
were present in all groups, representing a core microbiome in the
ruminal epithelial microbiota of goats. The current study showed
that after 20 days, the epithelial microbiota harbored more mem-
bers of the genera Butyrivibrio and Campylobacter than the bacte-
rial population in the rumen contents (11), indicating that these
two genera might be uniquely abundant epithelial bacteria.

The ruminal epithelial bacterial composition of goat kids un-
dergoes sequential changes during the rumen development pro-
cess. On the day of birth, the phylum Proteobacteria (90.13%) far
exceeded other phyla, with the majority belonging to the genus
Escherichia. This microbiota might derive from the microbiota of
the mother’s vagina (33), skin, colostrum (34), and environment.
The genus Escherichia comprises facultatively anaerobic bacteria.
Some commensal strains of Escherichia coli can reduce intestinal
epithelial inflammatory signaling in vitro (35), while some patho-
genic E. coli strains can invade host cells (36). As reflected by
tb-PCA, two dominant OTUs that separated samples at day zero
from others also displayed high identity to this genus. These fac-
ultative anaerobes could create the reduced environment that is
required for anaerobic microbes (37). Further work would be
needed to ascertain the functions of this genus in the rumen.
Moreover, this genus declined considerably in abundance at 7
days, and a great many genera belonged to unclassified Proteobac-
teria. The remarkable changes observed in ruminal epithelial bac-
terial communities during the first week after birth indicated a
rapid change in the rumen environment.

A noticeable change occurring at 28 days after solid food was
offered (at 20 days) was the increase in ruminal epithelial bacterial
density, which was reflected by qPCR (almost three times the copy
numbers). Similar observations have been reported for rumen
and gut contents (37). Moreover, the changes in rumen tissues
were similar to the compositional changes in rumen contents (11):
the genus Bacteroides declined in abundance in rumen tissues,
while the proportions of the genera Prevotella, Butyrivibrio, Cam-
pylobacter, and Succinivibrio surged. Taking the findings together,
solid food caused disruption in the ruminal epithelial microbiota
by selecting bacterial taxa that were more specific and were
adapted to new substrates. Members of the genus Prevotella, nu-
merically predominant in ruminants, are capable of utilizing
starches, other noncellulosic polysaccharides, and simple sugars
as energy sources (24). Members of the Butyrivibrio group (in-
cluding the genera Butyrivibrio and Pseudobutyrivibrio) repre-
sented 12.98% of total bacteria in the rumina of goats (38) and
were involved in the biohydrogenation of unsaturated C18 fatty
acids (39). Although some species of Campylobacter, such as Cam-
pylobacter concisus and other non-Campylobacter jejuni Campylo-
bacter species, have been implicated in the initiation of gastroin-
testinal diseases (40), they represent persistent residents of rumen
microbial communities (10). Some species of the genus Succini-
vibrio could ferment maltose and glucose, thus participating in the
last stage of starch digestion (41). From 28 to 70 days, the abun-
dances of the genera Prevotella, Butyrivibrio, and Campylobacter
still increased with age, implying that they were dominant genera
in ruminal epithelial microbiota after the provision of solid feed.

FIG 4 Coefficients of correlation between relative abundances of the ruminal
epithelial bacterial genera, on the one hand, and anatomic and functional
variables, on the other.
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However, what role these genera played and how they interacted
with the host have not been explored and remain to be elucidated.

Based on the data already published on rumen functional vari-
ables in the same goat kids (12), we explored the relationship
between ruminal epithelial microbiota and rumen functions. The
abundances of the genera Butyrivibrio, Campylobacter, Desulfob-
ulbus, and Ruminococcus were positively correlated with rumen
weight, rumen papilla length, ammonia concentration, and total
volatile fatty acid concentration, suggesting that they might be
involved in ammonia and volatile fatty acid metabolism as well as
in the anatomic development of the rumen. Similarly, the genera
Butyrivibrio, Campylobacter, and Desulfobulbus might also partic-
ipate in fibrolytic enzyme secretion, and the genus Fusobacterium
is related to starch degradation. Furthermore, specific commensal
microbes have been reported to modulate host immune responses
via proinflammatory and anti-inflammatory pathways, as well as
epithelial-cell-mediated signals (42, 43). Therefore, further inves-
tigation to better explain the symbiotic relationship between the
ruminal epithelial microbiota and the host is warranted.

Conclusion. In conclusion, ruminal epithelial bacterial com-
munities were more diverse in older groups than in earlier groups,
and each age group had its distinct microbiota. Of the three dom-
inant phyla, Proteobacteria declined in abundance with age, while
Bacteroidetes and Firmicutes increased in abundance with age. The
genus Escherichia dominated at the day of birth, while Prevotella,
Butyrivibrio, and Campylobacter surged in abundance at around 2
months. Furthermore, the correlations between particular genera
of the ruminal epithelial bacteria and anatomic and functional
variables might indicate different types of relationships with the
host. This study provides some preliminary information on the
potential role of the ruminal epithelial bacteria, and further inves-
tigations are required to determine their actual roles and interac-
tions with the host.
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