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Bacterial colonization in the gastrointestinal tracts (GIT) of preweaned calves is very important, since it can influence early de-
velopment and postweaning performance and health. This study investigated the composition of the bacteria along the GIT (ru-
men, jejunum, ileum, cecum, and colon) of preweaned bull calves (3 weeks old) using pyrosequencing to understand the segrega-
tion of bacteria between the mucosal surface and digesta. Phylogenetic analysis revealed that a total of 83 genera belonging to 13
phyla were distributed throughout the GIT of preweaned calves, with the Firmicutes, Bacteroidetes, and Proteobacteria predomi-
nating. Quantitative PCR (qPCR) analysis of selected abundant bacterial genera (Prevotella, Bacteroides, Lactobacillus, and
Faecalibacterium) revealed that their prevalence was significantly different among the GIT regions and between mucosa- and
digesta-associated communities. Rumens contained the most diverse bacterial population, consisting of 47 genera, including 16
rumen-specific genera, followed by the large intestine and then the small intestine. Bacterial species richness was higher at the
mucosal surface than in the local digesta, with the exception of the rumen. The majority of bacteria found on the rumen epithe-
lial surface and within the small intestine could not be identified due to a lack of known genus-level information. Thus, future
studies will be required to fully characterize the microbiome during the development of the rumens and the mucosal immune
systems of newborn calves. This is the first study to analyze in depth the bacterial composition of the GIT microbiome in
preweaned calves, which extends previous findings regarding early rumen colonization and bacterial segregation between
mucosa- and digesta-associated microbial communities.

The gastrointestinal tracts (GIT) of newborns contain a less di-
verse microbiome than those of adults, and progressive colo-

nization over time increases this diversity (1). Based on the fecal
microbiomes of infants, the pioneer gut bacteria are comprised of
facultative anaerobes such as Staphylococcus, Streptococcus, En-
terococcus, and Enterobacteriaceae spp. during the first few days of
life (2). These species create the reduced environment that is re-
quired for obligate anaerobic gut microbes (3). Besides the facul-
tative anaerobes, anaerobic Bifidobacterium species are also pres-
ent at high levels in the guts of 1-week-old neonates (3). An
increasing number of studies are investigating microbial estab-
lishment and the factors influencing this process in newborn live-
stock, such as dairy calves. A recent study reported a link between
the prevalence of Faecalibacterium during the first week of life and
body weight gain as well as diarrhea incidences in 4-week-old
calves (4). This suggests a potential role for gut bacteria in both
animal health and production. Evidence is also emerging that the
initial acquisition of and continuous exposure to microbes result
in a host-specific gut microbiome, which plays a vital role in the
maturation of the mucosal immune system (5–7). Hence, knowl-
edge regarding the pioneer bacterial community of calves provides
an opportunity to understand how perturbations in microbial
composition and diversifications may alter health and production
in cattle.

The fecal bacterial composition of dairy calves undergoes dy-
namic changes during the first 12 weeks of life (8). These changes
include the appearance of new species such as Ruminococcus fla-
vefaciens and Fibrobacter species and the disappearance of Bifido-
bacterium, Enterobacteriaceae, Streptococcus, and Lactobacillus
species (8), suggesting that both diet and gut development may

drive changes in the bacterial composition during early life. A
study comparing mucosa- and digesta-associated bacterial phylo-
types in preweaned calves revealed a much greater richness in
mucosa-associated bacterial phylotypes throughout the GIT than
in those in the regional digesta (9). Moreover, mucosa-associated
bacteria in the murine distal colon not only differed significantly
from fecal bacteria but also correlated with Toll-like receptor 2
(TLR2) and TLR4 gene expression in colon epithelial cells (10).
These observations indicate the importance of studying bacterial
segregation between mucosal surfaces and digesta throughout the
GIT, to better understand host-microbe interactions. Currently,
our understanding of the gut microbiome and its segregation be-
tween mucosal surfaces and digesta in the neonatal calves is very
limited. Therefore, the present study used pyrosequencing of 16S
rRNA genes to provide a more complete analysis of the taxonomic
segregation of bacteria throughout the GIT, including the rumen,
of preweaned calves.
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MATERIALS AND METHODS
Sample collection. This was a companion study conducted using samples
collected from 3-week-old Holstein bull calves used in our previous study
(9). One-week-old bull calves (n � 8) were purchased from a commercial
dairy farm and housed at the Vaccine and Infectious Disease Organization
(VIDO), University of Saskatchewan. All experimental protocols were
approved by the University of Saskatchewan Committee on Animal Care
(animal protocol 20020105), and all the procedures were performed fol-
lowing the Canadian Council on Animal Care guidelines. Calves were fed
fresh, nonpasteurized whole milk and Blue Medallion calf supplement
(20% crude protein, 3% crude fat, 5.7% crude fiber, 1% Ca, 0.6% P; Ridley
Inc., Fed-Rite, Manitoba, Canada). When calves were 3 weeks old, muco-
sal tissue and digesta samples were collected from the rumen, jejunum,
ileum, cecum, and colon within 20 min after euthanization. Mucosal tis-
sue samples were rinsed 3 times with sterile phosphate-buffered saline
(PBS) (pH 7.0) to remove digesta, cut into 4- to 5-mm2 pieces, and im-
mersed in RNAlater (Life Technologies, Carlsbad, CA, USA). Digesta was
collected from each mucosal tissue collection site, and 200 �l of digesta
was mixed with 1 ml RNAlater. Samples were stored at �80°C until fur-
ther analysis.

DNA extraction and amplicon preparation for pyrosequencing. To-
tal DNA was extracted from all the samples using the bead-beating
method as described by Li et al. (11). DNA quality and quantity was
measured using NanoDrop 1000 spectrophotometer (NanoDrop Tech-
nologies, Wilmington, DE, USA). Total DNA was then diluted to final
concentrations of 25 ng/�l and 50 ng/�l for mucosal tissue and digesta,
respectively, and used in amplicon preparation for pyrosequencing.

Conventional PCR was performed for all the samples to amplify the
V1-V3 region of 16S rRNA gene using primer-containing Titanium A and
B adaptors (27F [primer B], 5=CCTATCCCCTGTGTGCCTTGGCAGTC
TCAGAGAGGTTTGATCCTGGCTCAG3=; 338R [primer A], 5=CC
ATCTCATCCCTGCGTGTCTCCGACTCAGRLTGCTGCCTCCCGT
AGGAGT3=, where RL is the rapid library adaptor; boldface type indicates
letters that do not represent primer bases) (12). The reverse primer con-
tained 10 different multiplex identifiers (RL1 to RL8, RL10, and RL11; 454
Life Sciences, Branford, CT, USA) and was used to amplify samples from
5 different GIT regions for mucosal tissue and digesta separately using the
following program; 94°C for 5 min, 35 cycles of 94°C for 30 s, 58°C for 30
s, and 72°C for 30 s followed by 72°C for 7 min. The PCR was first per-
formed for individual animals separately, using primer A with the same
assigned RL based on the gut region and sample type (e.g., rumen tissue
samples with primer A containing RL1; rumen content samples with
primer A containing RL2 and so on), and then the PCR products were
pooled by the RL index. DNA fragments (�400 bp) were extracted from
1% agarose gel using QIAEX II gel extraction kit (Qiagen Science, MD,
USA) following the manufacturer’s instructions. The purified PCR prod-
ucts were then quantified using NanoDrop 1000, and amplicons from
each sample were pooled in equal amounts to a final concentration of 40
ng/�l and subjected to pyrosequencing.

Pyrosequencing and data analysis. The pooled PCR amplicons were
subjected to pyrosequencing using Roche GS-FLX System with Titanium
chemistry at Genome Quebec (Montreal, QC, Canada). Data were ana-
lyzed using the QIIME (Quantitative Insight into Microbial Ecology) tool
kit (13). The raw sequences obtained from pyrosequencing were filtered
through a quality control pipeline, and bases with quality scores higher
than 25 were retained for further analysis. The high-quality reads were
then assigned to operational taxonomic units (OTUs) at a 97% identity
threshold using the Uclust algorithm (14), and taxonomy was assigned
using the latest Greengenes database (Greengenes May 2013 release). Tax-
onomy assignment was done separately for mucosal tissue and digesta
from each gut region (rumen, jejunum, ileum, cecum, and colon). The
taxonomic identification and comparisons were performed at the genus
level. Alpha diversity of mucosa- and digesta-associated bacterial commu-
nities of each gut region was obtained using various diversity indices
(Chao1 index, Shannon index, and observed species) using the alpha rar-

efaction pipeline. The hierarchical clustering of microbial communities
(jackknifed beta diversity) was performed using weighted UniFrac dis-
tance and unweighted pair group method with arithmetic mean
(UPGMA) clustering.

Quantification of abundant bacterial genera along the GIT. The
copy numbers of 16S rRNA genes of 5 selected bacterial genera (Prevotella,
Bacteroides, Lactobacillus, Clostridium cluster XIV, and Faecalibacterium)
were estimated using genus-specific primers (see Table S1 in the supple-
mental material) and SYBR green chemistry (fast SYBR green master mix;
Applied Biosystems) with a StepOnePlus real-time PCR system (Applied
Biosystems, Foster City, CA, USA). The standard curves for each bacterial
genus were prepared using purified PCR products amplified with each
primer pair. The copy number of the 16S rRNA gene per gram of fresh
tissue or digesta was then calculated using the equation described in ref-
erence 11. The prevalence of bacterial genera was calculated by dividing
the 16S rRNA gene copy number for each genus by the 16S rRNA gene
copy number for total bacteria.

Statistical analysis. The data obtained from the qPCR were analyzed
using the MIXED procedure in SAS (version 9.2; SAS Institute Inc., Cary,
NC). The effects of gut region and sample type (mucosal tissue versus
digesta) on the bacterial prevalence were determined using a two-way
analysis of variance (ANOVA), and the statistical significances were de-
clared at P � 0.05. Prevalence was determined as follows: Yijk � � � Gi �
Sj � GSij � eijk, where Y is bacterial prevalence, � is mean, G is gut region
effect, S is sample type effect, GS is gut region by sample type effect, e is
residual error, i is the number of gut regions, j is the number of sample
types, and k is the number of observations.

Nucleotide sequence accession numbers. The identified sequences
from this study were deposited in the NCBI sequence read archive (SRA)
under the accession numbers SRR1036467 to SRR1036476.

RESULTS
Bacterial diversity along the GIT of preweaned calves. Pyrose-
quencing analysis of the GIT samples of preweaned calves gener-
ated a total of 565,854 sequences and 15,771 operational taxo-
nomic units (OTUs), with Good’s coverage ranging from 0.77 to
0.96. However, the distribution of these OTUs varied among in-
dividual GIT regions. The highest number of OTUs was observed
in the rumen, followed by the large intestine (cecum and colon)
and then the small intestine (jejunum and ileum) (Table 1). The
alpha diversity indices (Chao1 and Shannon indices) were higher
in the rumen bacterial community (mucosal tissue and digesta
together) than in the large- and small-intestinal communities (Ta-
ble 1). When the alpha diversity indices were compared between
mucosal tissue and digesta of each gut region, higher values were
observed in digesta than mucosal tissue only in the rumen. In
contrast, higher Chao1 and Shannon index values were observed
in the mucosa-associated communities of the jejunum, ileum, and
cecum than in the respective digesta-associated communities (Ta-
ble 1). The Chao1 index was higher for colonic digesta than co-
lonic mucosal tissue, whereas the Shannon index was higher for
colonic mucosal tissue than colonic digesta (Table 1).

Gut bacterial composition of preweaned calves: distribution
of the predominant bacterial phyla and genera along the GIT. In
total, 13 bacterial phyla were identified within the preweaned calf
gut microbiota, and these were dominated by Firmicutes (42.7%),
Bacteroidetes (36.3%), and Proteobacteria (11.9%). However, the
relative abundance of these major phyla varied within the muco-
sa- and digesta-associated communities. Firmicutes (57.6%) were
predominant in the digesta, while Bacteroidetes (42.3%) were pre-
dominant in the mucosa-associated community, when these two
communities were compared collectively without considering re-
gional variations. However, the relative abundance of these pre-
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dominant phyla varied markedly among GIT regions as well as
between mucosal tissue and digesta (Fig. 1). When the bacterial
composition was compared regionally, Bacteroidetes dominated
all digesta-associated communities along the GIT except for the
small intestine, where Firmicutes (�97%) was predominant. Bac-
teroidetes also dominated all the mucosa-associated communities
with the exception of the jejunal tissue, where there was a mix of
Firmicutes and Proteobacteria rather than Bacteroidetes.

A total of 83 genera belonging to the 13 phyla were observed
throughout the GIT of preweaned calves; however, in the present
study, 32.5% of all sequences were not identified at the genus level.
The distribution of predominant bacterial genera (relative abun-
dance � 10% in at least one sample) was also different between
mucosa- and digesta-associated communities throughout the GIT
(Fig. 2). Bacteroides, Prevotella, Faecalibacterium, and Burkhold-
eria were predominant in the mucosa-associated community,
while Bacteroides, Prevotella, Lactobacillus, Clostridium, and Shar-

pea were predominant in the digesta-associated community (Fig.
2). Among the 83 bacterial genera identified, only 7 genera (Pre-
votella, Fibrobacter, Lactobacillus, Clostridium, Ruminococcus,
Sharpea, and Corynebacterium, the least abundant genus) were
detected in both the mucosa- and digesta-associated communities
in all GIT regions.

When the bacterial composition among the different GIT re-
gions was compared using UniFrac distance and UPGMA cluster-
ing analysis for all OTUs as well as the abundant bacterial genera
(20 genera; relative abundance � 1%), the rumen and large-intes-
tinal bacterial communities clustered separately from the small
intestine (Fig. 3a and b). Among the small-intestinal communi-
ties, jejunal and ileal mucosa-associated bacterial communities
clustered more closely than the digesta-associated communities
(Fig. 3a and b). The rumen digesta- and mucosa-associated com-
munities clustered more closely to each other than to other mem-
bers of the combined rumen and large-intestinal communities
(Fig. 3a and b). The distribution of bacterial genera further re-
vealed 10 shared genera throughout all GIT regions, 10 shared
genera between the rumen and large intestine, 8 shared genera
between the small intestine and large intestine, and finally only 4
shared genera between the rumen and small intestine (Fig. 3c).

Regional segregation of gut bacteria between mucosa- and di-
gesta-associated communities. The phylum Bacteroidetes domi-
nated the rumen digesta- and tissue-associated communities of
preweaned calves (Fig. 1). The majority of digesta-associated Bac-
teroidetes (54.8%) were comprised of Bacteroides (15.8%), Pre-
votella (15.1%), and Paludibacter (4.1%), while Prevotella (15.8%)
and Bacteroides (10.5%) dominated the rumen tissue-associated
community (see Fig. S1 in the supplemental material). Firmicutes,
the second most abundant phylum in the rumen digesta and third
most abundant phylum in the rumen tissue, consisted of 18 dif-
ferent bacterial genera (see Fig. S1 in the supplemental material).
Among these 18 genera, Megamonas and p-75-a5 were not present
in the rumen digesta-associated community, while Streptococcus
and Sarcina were absent in the rumen tissue-associated commu-
nity. Proteobacteria was the second most abundant phylum asso-
ciated with the rumen tissue (30.2%), which was 10 times greater
than that in the rumen digesta. However, 27.8% of Proteobacteria
sequences were not assigned to any genus. In addition, the major-
ity of sequences from ruminal tissue-associated community
(58.3%) were not assigned to any genus. In contrast, only
33.1% of sequences from the rumen digesta-associated com-
munity were not assigned to any genus. The present study re-
vealed 16 rumen-specific bacterial genera (Actinomyces, Porphy-

TABLE 1 Generated sequences, identified operational taxonomic units (OTUs), bacterial diversity, and species richness along the GIT of preweaned
dairy calves

GIT region

Totala Mucosa Digesta

No. of
sequences

No. of
OTUs

Chao1
indexb

Shannon
indexc

No. of
sequences

No. of
OTUs

Chao1
index

Shannon
index

No. of
sequences

No. of
OTUs

Chao1
index

Shannon
index

Rumen 94,116 5,693 6,046 8.6 48,639 6,051 3,908 8.2 46,110 7,374 4,608 8.8
Jejunum 96,086 2,632 2,522 6.2 75,960 3,394 2,970 6.3 20,796 2,362 2,041 6.1
Ileum 112,404 2,685 3044 6.1 57,783 3,744 3,865 6.9 55,416 2,571 2,036 5.2
Cecum 81,567 2,893 4,372 7.2 49,232 4,196 3,836 7.1 33,292 3,251 3,348 6.9
Colon 177,978 4,694 4,644 7.1 49,119 3,950 3,335 6.9 129,507 7,264 3,968 6.9
a Values are for mucosa and digesta samples together for each gut region.
b The Chao1 index is an estimation of species richness.
c The Shannon index is an an estimation of diversity.

FIG 1 Phylum-level composition of gut bacteria in mucosa- and digesta-
associated communities throughout the gastrointestinal tracts of dairy calves.
RT, rumen tissue; RC, rumen contents; IT, ileum tissue; IC, ileum contents; JT,
jejunum tissue; JC, jejunum contents; CeT, cecum tissue; CeC, cecum con-
tents; CoT, colon tissue; CoC, colon contents.
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romonas, Butyricimonas, Elusimicrobium, p-75-a5, Megamonas,
Desulfobulbus, Comamonas, Hylemonella, Sphaerochaeta, Anaero-
plasma, Synergistes, Roseburia, BF311, TG5, and RFN20) in the
preweaned calves. The genera Desulfobulbus, Comamonas, Hyl-
emonella, Megamonas, TG5, and p-75-a5 were observed only in
the rumen tissue-associated community, while Elusimicrobium
and Anaeroplasma were present only in the rumen digesta-associ-
ated community.

The large-intestinal digesta- and mucosa-associated bacterial
communities were primarily comprised of Bacteroidetes (cecal tis-
sue, 56.8%; cecal digesta, 47.6%; colonic tissue, 52.8%; colonic
digesta, 49.8%) (Fig. 1). The prevalence of Bacteroides was higher
in cecal digesta (15.9%) than in cecal tissue (5.9%) (see Fig. S1 in
the supplemental material). In contrast, Prevotella accounted for
more Bacteroidetes in cecal tissue (21.7%) than digesta (9.1%).
The prevalence of Prevotella was higher in colon digesta- and mu-
cosa-associated communities (19.3%) than that of Bacteroides
(colonic digesta, 15.4%; colon tissue, 11%). Firmicutes was the
second most abundant bacterial phylum in the large-intestinal
communities (cecal tissue, 21.1%; cecal digesta, 38.2%; colonic
tissue, 32.1%; colonic digesta, 25.4%). A higher prevalence of
Faecalibacterium than other Firmicutes genera was observed in all
large-intestinal communities (cecal tissue, 9%; cecal digesta,
9.3%; colonic tissue, 10.8%; colonic digesta, 13.5%) (see Fig. S1 in
the supplemental material). Besides Faecalibacterium, Clostridium
was also abundant in cecum (12%) and colon (5.8%) digesta-

associated communities. A higher prevalence of Lactobacillus was
observed only in the cecal digesta (6.4%), in contrast to other
large-intestinal communities. The bacterial genera Escherichia,
Succinivibrio, Flavobacterium, Blautia, and L7AE11 were observed
only in the large intestine. The present study also revealed 10 bac-
terial genera (Paludibacter, Parabacteroides, Oscillospira, Shuttle-
worthia, Acidaminococcus, Anaerovibrio, Fusobacterium, Rumino-
bacter, Gallibacterium, and Treponema) that were shared by the
rumen and the large-intestinal communities but not present in the
small intestine.

The small-intestinal (jejunum and ileum) bacterial communi-
ties displayed a unique segregation between mucosa- and digesta-
associated communities. The ileal digesta of preweaned calves
contained primarily Firmicutes (97.7%), consisting of Lactobacil-
lus (44.5%), Clostridium (16.7%), and Sharpea (8.9%) (see Fig. S2
in the supplemental material). The ileal tissue was comprised of
Bacteroidetes (33.7%), followed by Firmicutes (31.8%) and Proteo-
bacteria (24.4%). Prevotella (8.2%) dominated the ileal mucosa-
associated Bacteroidetes, while a high proportion (24.9%) was not
identified at the genus level. In addition, 49.9% of ileal-tissue se-
quences could not be assigned to any genus. The jejunal di-
gesta-associated community was also dominated by Firmicutes
(97.4%), which consisted of genera Sharpea (31.8%), Butyrivibrio
(4.2%), Ruminococcus (3.2%), and Lactobacillus (2.4%) (see Fig.
S2 in the supplemental material). However, 53.2% of digesta-as-
sociated Firmicutes could not be assigned to any genus. The jejunal

FIG 2 Relative abundance and distribution of 20 abundant (�1% in at least one GIT region) bacterial genera detected throughout the GIT of 3-week-old
preweaned calves. (a) Distribution of abundant genera in mucosa-associated tissue. (b) Distribution of abundant genera in digesta.
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mucosa-associated bacteria contained Firmicutes (36.2%), Proteo-
bacteria (29.2%), and Bacteroidetes (23.6%). However, 61.7% of
total sequences from the jejunal mucosa-associated community
could not be assigned to any genus. The prevalence of Burkhold-
eria, which belongs to the Proteobacteria, was high only in the
small-intestinal mucosa-associated communities (ileal issue,
11.8%; jejunal tissue, 10.3%). Moreover, 17 bacterial genera were
detected only in the small-intestinal mucosa-associated bacterial
community (Caulobacter, Variovorax, Acinetobacter, Lautropia,
Diaphorobacter, Janthinobacterium, Staphylococcus, Microbacte-
rium, Nocardiopsis, Thermoactinomyces, Facklamia, Enterococcus,
Phascolarctobacterium, Atopobium, Bradyrhizobium, Jeotgalicoc-
cus, and Pelomonas).

Prevalence of abundant bacterial genera throughout the
GIT. The analysis of bacterial prevalence by qPCR confirmed the
results observed in the pyrosequencing of pooled samples from
preweaned calves (Table 2). The prevalence of bacterial genera was
significantly different among GIT regions with the exception of
Clostridium cluster XIV. The highest prevalence of Prevotella was

observed in colonic digesta, in contrast to other digesta-associated
communities, while its prevalence was higher in the small-intesti-
nal mucosa-associated communities than in the respective di-
gesta-associated communities. A higher Bacteroides prevalence
was observed in the rumen communities, while Lactobacillus prev-
alence was highest in the small intestine, relative to other GIT
regions. The highest prevalence of Faecalibacterium was detected
in the large-intestinal communities.

DISCUSSION

The distribution of OTUs obtained via pyrosequencing of muco-
sal tissue and digesta samples from the length of the GIT of
3-week-old preweaned calves in the present study was similar to
that of bacterial phylotypes obtained via PCR-DGGE (PCR-dena-
turing gradient gel electrophoresis) profiling of the same samples
in our previous study (9). The taxonomy analysis conducted in the
present study was based on pooled samples from 8 animals.
Therefore, to confirm that pooling of samples did not bias the
description of microbiome composition in the GIT of preweaned

FIG 3 Clustering of bacterial genera and OTUs present in the GIT of 3-week-old preweaned calves. (a) Heat map generated using the relative abundance
(percent) of 20 abundant bacterial genera. The heat map was generated using the gplots package in R by clustering GIT regions based on the distribution and
relative abundance of bacterial genera. The heat map scale displays the row Z score (Z score � [actual relative abundances of a species in a specific GIT region �
mean relative abundance of the same species along the GIT]/standard deviation). (b) Clustering of all OTUs obtained from pyrosequencing of GIT samples.
Unweighted pair group method with arithmetic mean (UPGMA) clustering was based on all available data with jackknifed beta diversity, which compares the
diversity among the samples. (c) Comparison of the number of shared bacterial genera among the rumen, small intestine, and large intestine. The number of
bacterial genera represents only the unique genera in each region, shared genera between two GIT sections, and shared genera in all the gut regions.
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calves, qPCR was used to compare the prevalence of 5 selected
bacterial genera that belonged to the abundant category (relative
abundance � 10% in at least one sample). The bacterial preva-
lence estimated by qPCR was in agreement with the relative abun-
dance revealed by the pyrosequencing of pooled samples. The
analysis of qPCR data also confirmed the observed differences in
bacterial prevalence among GIT regions as well as between mucosa-
and digesta-associated communities. Although, pooling of sam-
ples prevents exploring individual animal variations, the present
study succeeded in describing the composition and distribution of
the gut microbiota of preweaned calves.

Analysis of the digesta-associated bacterial community along
the GIT of a 2-year-old beef steer revealed a high prevalence of
Bacteroidetes in the rumen and a high prevalence of Firmicutes in
the small and large intestines (15). Similarly, Bacteroidetes domi-
nated the rumen contents of preweaned calves, while Firmicutes
dominated the small intestines. In contrast to the adult beef steer,
Bacteroidetes dominated the large intestines of preweaned calves.
Despite the differences observed in the bacterial composition due
to the host age, diet, and breed (15), both studies revealed a re-
gion-dependent bacterial community throughout the GIT of cat-
tle. Moreover, de Oliveira and colleagues (15) reported more di-
verse rumen and large-intestinal bacterial communities than
small-intestinal communities, and these communities clustered
separately. Our current data for preweaned calves are consistent
with these previous observations. The present study also revealed
that all mucosa-associated gut communities, with the exception of
those in jejunal tissue, contained more Bacteroidetes than Firmic-
utes, implying that Bacteroidetes tend to more readily colonize
mucosal surfaces during early life.

The observed regional variations in the bacterial composition
of preweaned calves between small intestine and large intestine
further revealed that fecal-sample-based studies may fail to detect
the true gut microbiome. However, the regional perturbation of
the microbial composition may be associated with enteric dis-
eases. For example, the biopsy samples from Crohn’s disease (CD)
patients revealed the association of Faecalibacterium prausnitzii
with CD as a decrease in bacterial numbers in ileal CD patients
(16) and as an increase in bacterial numbers in colonic CD pa-
tients (17) compared to the healthy individuals. These observa-
tions demonstrate the importance of proper sampling when bio-
markers for the associations between microbiota and enteric
diseases are being identified. Therefore, the results of previous
studies together with the present findings suggest that sampling of
local mucosa and digesta is essential to understand enteric infec-
tions and diseases caused by the dysbiosis of the gut microbiome.

The higher number of OTUs and higher diversity in the digesta
of the rumen and colon imply that a more complex microbial
population has been established in those two GIT regions than the
small intestines of preweaned calves. The rumen and colon are
known to function as sites for microbial fermentation of indigest-
ible dietary substrates and retain digesta for a longer interval than
the small intestine (18). The increased retention time of digesta
may facilitate the growth of a more complex and dense bacterial
community. The milk-fed calves in the present study had access to
supplemental calf starter, which may have accelerated the coloni-
zation of rumen with a more diverse bacterial population.

The rumen bacterial population of 2-week-old calves fed only
milk replacer was reported to contain 45 bacterial genera belong-
ing to 15 different phyla (19). Similarly, the present study reported
47 bacterial genera belonging to 13 phyla in the rumens of 3-week-
old calves. In addition, Jami and colleagues (20) reported a diverse
rumen bacterial community in 1- to 3-day-old calves, which was
dominated by Streptococcus species. The Bacteroidetes population
present in the rumen contents of adult cattle fed a grain-based diet
was reported to contain more Prevotella than Bacteroides (21),
while that in young calves fed whole milk or milk replacer mainly
contained Bacteroides (19, 20). The rumen contents of 3-week-old
calves used in the present study contained similar levels of Pre-
votella (15.1%) and Bacteroides (15.8%), suggesting that calf
starter may have driven rumen microbiome development toward
that of the adult cattle. This transition suggests an early develop-
ment of the rumen microbiome to ferment a plant polysaccha-
ride-based diet.

Previous studies conducted in preweaned calves relied on the
collection of rumen contents. However, a comparison between
the rumen digesta- and mucosa-associated communities in the
present study revealed differences in the bacterial composition
and the relative abundance of shared bacterial genera. Moreover,
the observed rumen tissue-specific bacterial genera indicate that
studies based only on rumen contents fail to adequately describe
the rumen microbiome. Bacteroidetes dominated the rumen tis-
sue-associated bacteria of preweaned calves. However, the rumen
tissue-associated bacterial community in beef steers fed a grain-
based diet and beef heifers fed hay- or grain-based diets consisted
of more Firmicutes than Bacteroidetes (21, 22). The difference ob-
served in the rumen epimural bacterial community might be due
to the differences in age, diet of the host, and the breed of cattle
(dairy versus beef) (23). The high prevalence of the phylum Pro-
teobacteria, class Betaproteobacteria (25.1%), in the tissue-associ-
ated microbiome was another distinct feature in the rumens of
preweaned calves. The Proteobacteria species associated with ru-

TABLE 2 Prevalence of abundant bacterial genera along the GIT of 3-week-old calves

Genus

Prevalence (%)a in:

Rumen Jejunum Ileum Cecum Colon

Tissue Digesta Tissue Digesta Tissue Digesta Tissue Digesta Tissue Digesta

Prevotella 9.9 	 0.8 15.1 	 0.4 10.8 	 6.8 0.5 	 0.2 10.8 	 2.2 0.2 	 0.1 18.4 	 4.6 16.9 	 0.8 16.9 	 2.2 21.6 	 1.4
Bacteroides 29.0 	 19.6 15.2 	 0.7 0.01 	 0.002 ND ND ND 5.5 	 0.3 10.4 	 0.3 10.4 	 0.4 15.3 	 1.0
Lactobacillus 0.1 	 0.04 5.9 	 0.3 5.5 	 0.6 2.1 	 0.1 6.4 	 2.8 45.7 	 2.9 0.02 	 0.01 0.03 	 0.3 0.03 	 0.02 3.0 	 0.5
Faecalibacterium 0.2 	 0.03 0.2 	 0.1 ND ND ND ND 9.8 	 0.6 14.2 	 0.6 14.2 	 0.5 10.3 	 0.3
Clostridium cluster XIV 6.7 	 6.2 1.3 	 0.6 0.2 	 0.1 0.5 	 0.3 0.2 	 0.1 1.0 	 0.4 0.7 	 0.3 0.9 	 0.6 0.9 	 0.1 1.6 	 0.1
a Prevalence � (16S rRNA gene copy number of each genus/total bacterial 16S rRNA gene copy number) 
 100. Prevotella, PG*S � 0.02; Bacteroides, PG � 0.01; Lactobacillus,
PG*S � 0.01; Faecalibacterium, PG*S � 0.01 (G, gut region; S, sample type [tissue versus digesta]). ND, not detected (represents a prevalence of �0.001%).
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men epithelium of dairy cows were different from the species
identified from ruminal fluid (24). Those species isolated from the
rumen epithelium clustered along with other Betaproteobacteria,
which are capable of oxidizing ammonia (24). Therefore, we spec-
ulate that the high prevalence of Proteobacteria in the rumen tis-
sue-associated community may play an important role in scaveng-
ing the oxygen that diffuses from the blood to the epithelium and
oxidizing ammonia produced in the rumen. This may facilitate
rumen bacterial colonization and its functions by maintaining the
anaerobic conditions required for microbial fermentation. How-
ever, the large proportion of unclassified tissue-specific Proteobac-
teria indicates that there are many unknown bacteria attached to
the rumen tissue. Thus, future studies are necessary to understand
epimural bacteria and their dynamics in response to rumen devel-
opment and dietary changes in dairy calves.

A high abundance of genus Sharpea was observed in the small
intestine of preweaned calves compared to other gut regions.
Sharpea belongs to the order Erysipelotrichales and the predicted
family Coprobacillaceae (by QIIME [13]), and this is the first time
Sharpea has been detected in the GIT of preweaned calves. Sharpea
azabuensis belongs to clostridial cluster XVII and has been de-
tected in the feces of thoroughbred horses (25). S. azabuensis fer-
ments a wide variety of sugars, including glucose, galactose, lac-
tose, and fructose (25). Thus, the observed high abundance of
Sharpea in the jejunal digesta of preweaned calves may facilitate
the fermentation of milk sugars. Since the genus Sharpea is abun-
dant in the GIT of preweaned calves, future studies may provide a
better understanding of its role in host metabolism.

In contrast to the rumen, the small and large intestines revealed
higher bacterial diversity (Shannon index) in the mucosa-associ-
ated community than in the adjacent digesta. In addition, the
species richness (Chao1 index) was also higher in the mucosa-
associated communities of the jejunum, ileum, and cecum than in
the respective digesta. The higher species richness observed for the
mucosa-associated communities is in agreement with our previ-
ous study conducted with the same samples but using PCR-DGGE
(9). The association of mucosal bacteria with the expression of
TLR2 and TLR4 in the colons of mice (10) suggests that mucosa-
associated bacteria may play an important role in stimulating host
immune responses through pattern recognition receptors. The
present study revealed small-intestinal mucosa-specific bacteria
that were not identified in other GIT regions, suggesting that such
mucosa-specific bacteria may survive mucosal immune defense
mechanisms and may be crucial for priming the host mucosal
immune system. A previous study investigating the mucosal ex-
pression of TLRs along the GIT of 3-week-old calves, using the
same mucosal tissue samples, revealed that TLR1, -9, and -10 gene
expression was highest in the ileum, followed by the jejunum and
then other GIT regions (26). Even though there are regional vari-
ations in immune cell distribution throughout the gut (27, 28), we
speculate that regional differences in the gut bacteria may also
contribute to the observed TLR expression pattern. Moreover, the
small-intestinal bacterial density was negatively correlated with
the mucosal expression of TLRs in the preweaned calves. For ex-
ample, digesta-associated total bacterial density was negatively
correlated with the expression of TLR2 and TLR6 in the jejunum
and ileum, respectively, while tissue-associated total bacteria and
lactic acid bacteria (LAB) density was negatively correlated with
the expression of TLR2 in the jejunum (26). This hyporesponsive-
ness of mucosal TLRs to the predominant Gram-positive bacterial

population (Firmicutes) present in the small-intestine communi-
ties may be a host mechanism to avoid immune responses to com-
mensal microbes.

The preweaned-calf large-intestinal regions contained similar
bacterial compositions in the mucosa- and digesta-associated
communities which differed only in their relative abundance. Un-
like the small-intestinal and ruminal tissue-associated communi-
ties, most of the sequences obtained from the large intestine were
assigned to a genus, with the exception of the cecal tissue (51%
unassigned sequences). Cecum and colon shared nearly 55% of
the bacterial genera observed in the large intestine. However, in
comparison to bacteria shared between the ileum and jejunum
(�85%), these two large-intestinal bacterial communities showed
less similarity to each other. The high proportion of assigned ge-
nus information observed in the large-intestinal communities
may be due to their resemblance to the fecal bacterial community,
which has been studied more extensively than the small intestine
community. Uyeno and colleagues reported that the fecal micro-
biomes of 3-week-old dairy calves consist of 39.2% Bacteroides-
Prevotella group, 17.7% Clostridium coccoides-Eubacterium rectale
group, and 11% Faecalibacterium (8). Colon samples from the
3-week-old calves used in the present study revealed similar levels
for the Bacteroides-Prevotella group (32.5%) and Faecalibacterium
(12.1%). However, the relative abundance of Clostridium was only
3.2%, and there were no members of the genus Eubacterium ob-
served in any of the gut regions. These observations once again
indicate that fecal samples best represent the composition of the
large-intestinal bacterial community but not that of the entire
GIT. The present study revealed a significantly higher prevalence
of Faecalibacterium in large-intestinal communities than in com-
munites in other GIT regions. A high abundance of F. prausnitzii
in the feces was associated with increased weight gain and a de-
creased incidence of diarrhea in dairy calves (4). The fermentation
of F. prausnitzii produces butyrate, which is the major energy
source for colonic epithelial cells, and it also stimulates anti-inflam-
matory responses (4). Therefore, the observed higher prevalence of
Faecalibacterium species in the large intestine of preweaned calves
may be important for maintaining proper body weight and reduc-
ing enteric infections during early life.

Conclusion. In conclusion, the present study revealed that the
bacterial composition throughout the GIT of 3-week-old calves
varied between mucosa and digesta communities as well as among
GIT regions. The observed mucosa-specific bacterial genera fur-
ther suggest that fecal samples do not adequately represent the
complexity of the gut microbiome and potential relationships
with the host. Moreover, the colonization of calf rumen starts
early in life with a distinct segregation of bacteria between di-
gesta and epithelial surfaces. This segregation suggests that fu-
ture studies should focus on both communities. The large
number of sequences throughout the GIT for which genus level
information was not obtained suggests that our knowledge of
the ruminant gut microbiome is not adequate to explain its
complexity and functions in the host. In particular, analysis of
tissue-attached bacteria may provide a better understanding of
early rumen/gut development and functions. Previous studies
of bacteria in digesta of preweaned calves reported large varia-
tion among individual animals, and it will be important to
determine if a similar level of variation is present for tissue-
attached bacteria. Understanding the full extent of gut micro-
biome diversity among individual animals will be critical for

Taxonomic Identification of GIT Microbiome in Calves

March 2014 Volume 80 Number 6 aem.asm.org 2027

http://aem.asm.org


determining how it shapes the individual animal performances
in terms of health and performance.
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