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Abstract Members of the rare microbiome can be important
components of complex microbial communities. For example,
pet dog ownership is a known risk factor for human
campylobacteriosis, and Campylobacter is commonly
detected in dog feces by targeted assays. However, these
organisms have not been detected by metagenomic methods.
The goal of this study was to characterize fecal microbiota
from healthy and diarrheic pet dogs using two different
levels of molecular detection. PCR amplification and
pyrosequencing of the universal cpn60 gene target was used
to obtain microbial profiles from each dog. To investigate the
relatively rare epsilon-proteobacteria component of the
microbiome, a molecular enrichment was carried out using
a PCR that first amplified the cpn10–cpn60 region from
epsilon-proteobacteria, followed by universal cpn60 target
amplification and pyrosequencing. From the non-enriched
survey, the major finding was a significantly higher proportion
of Bacteroidetes, notably Bacteroides vulgatus, in healthy
dogs compared to diarrheic dogs. Epsilon-proteobacteria
from the genera Helicobacter and Campylobacter were also
detected at a low level in the non-enriched profiles of some

dogs. Molecular enrichment increased the proportion of
epsilon-proteobacteria sequences detected from each dog, as
well as identified novel, presumably rare sequences not seen
in the non-enriched profiles. Enriched profiles contained
known species of Arcobacter, Campylobacter, Flexispira,
and Helicobacter and identified two possibly novel species.
These findings add to our understanding of the canine fecal
microbiome in general, the epsilon-proteobacteria compo-
nent specifically, and present a novel modification to
traditional metagenomic approaches for study of the rare
microbiome.

Introduction

Most natural microbial environments are complex, with a
distribution of organisms that can span several orders of
magnitude in abundance. The term “rare microbiome” is often
applied to the organisms that are detected infrequently or at
levels close to the detection limit of the methodology used.
Microbial ecology studies have greatly benefited from the
advent of pyrosequencing, which allow for the direct
sequencing of millions of PCR products in a single run.
Despite this increase in sequencing depth, datasets can contain
operational taxonomic units (OTUs) derived from a single
sequencing read. There is debate as to whether these rare
OTUs truly represent rare organisms in the community or if a
significant number are derived from technical errors [1, 2].

One environment that has been studied at different levels of
resolution is the dog fecal microbiome. Dogs are part of the
North American family, with a pet dog found in one third of
American and Canadian households [3, 4]. Campylobacter-
iosis, a diarrheal illness caused by Campylobacter spp., has
been repeatedly linked to pet dog ownership [5–7]. Culture-
based studies of Campylobacter shedding in dog feces have
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reported that 2.7–100% of dogs shed multiple Campylobacter
species [8–12]. Using targeted quantitative PCR (qPCR)
assays, the same picture emerges, with 50–100% of dogs
shedding detectable levels of multiple Campylobacter species
[13–15]. Diarrhea has been associated with increased
Campylobacter shedding and increased species richness of
the Campylobacter spp. detected [15]. Collectively, this body
of work firmly establishes Campylobacter as a common
member of the dog large intestinal/fecal microbiota.

The composition of canine large intestine/fecal microbiota
has also been investigated as a collective population. 16S rRNA
sequence profiles have been generated and compared to the
existing picture of the dog fecal microbiota based on culture,
fluorescent in situ hybridization (FISH), terminal restriction
fragment length polymorphism (T-RFLP), and denaturing gel
gradient electrophoresis (DGGE) [13, 14, 16]. Unamplified
metagenomic sequencing has also recently been performed
[17]. Sequence profiles indicate that Firmicutes and Bacter-
oidetes (and occasionally Fusobacteria) are the dominant
phyla, with Proteobacteria making up a minor component
(<15%) [17–19]. These results generally agree with culture
and FISH estimates [20–24]. Campylobacter (epsilon-proteo-
bacteria) has not been reported from these studies, which is
not surprising given that Campylobacter spp. are estimated to
be in the range of 103–108 organisms/g of feces while total
fecal bacteria can exceed 1010 organisms/g [15, 20]. As such,
although Campylobacter spp. are expected to be part of the

microbiome, they usually occur in quantities below the
detection limit of the population-level methods used.

The goal of our study was to use pyrosequencing to
investigate the epsilon-proteobacteria populations in
healthy and diarrheic domestic pet dogs in the context of
the total fecal microbiome. Non-enriched microbial profiles
for healthy and diarrheic dogs were determined by PCR and
pyrosequencing of the cpn60 gene, which has been shown
to have superior resolution compared to the 16S rRNA gene
[25]. In parallel, each sample was also subjected to a
molecular enrichment for epsilon-proteobacteria sequences
by class-specific PCR of the cpn10–cpn60 gene region
followed by universal cpn60 PCR. We observed dramatic
differences in the Bacteroidetes community of healthy and
diarrheic dogs (regardless of the etiology of the diarrhea),
while enrichment profiles exposed an order of magni-
tude more diversity in epsilon-proteobacteria sequences
compared to their non-enriched profile counterparts.

Materials and Methods

Sample Collection and DNA Extraction

Fecal samples from healthy pet dogs and dogs with diarrhea
(of any etiology) were collected as part of a previous study
[15] (Table 1). Samples were stored at −80°C until total

Table 1 Dogs included in this study

ID Breed Age (years) Diet Major organisms detected by bacteriologya Parasitology results

Healthy

HDS1 Boxer 1.3 Commercial

HDS2 Sheltie 4.75 Commercial

HDS8 Labrador/shepherd cross 4 Commercial

HDS9A Labrador cross 13 Vegetarian

HDS18D Labrador retriever 13.5 Raw food diet

HDS19 Chesapeake Bay retriever 1.75 Commercial

HDS30 Border collie×sled dog 3 Commercial

Diarrheic

DDS2 German shepherd 7 Clostridium perfringens and Escherichia coli Neg

DDS11 Cocker spaniel cross 9 E. coli Neg

DDS18b Labrador retriever 2 Not done Neg

DDS19b Labrador retriever 2 Not done Neg

DDS30 Alaskan malamute 0.15 Streptococcus Sarcocystis and Giardia

DDS32 Golden retriever 0.25 C. perfringens Neg

DDS34 Siberian husky 0.58 Streptococcus Isospora and Giardia

DDS51 Pomeranian 1.75 C. perfringens and E. coli Neg

DDS64 American Eskimo (spitz) 0.75 E. coli Neg

a Organisms that scored 4+ by diagnostic culture
b From the same household
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bacterial DNAwas extracted using the QIAampDNA stool kit
(Qiagen), following all the recommended steps for “Isolation
of DNA from stool for pathogen detection.” Final DNA
samples were diluted 1:10 with sterile water before PCR.

cpn60 Universal Target PCR

The universal target (UT) region of the cpn60 gene was
amplified using a primer cocktail as described previously
[25–27]. Primer sets were modified at the primers 5′ end
with one of ten unique 10-mer multiplexing identification
(MID) sequences as per the manufacturer’s recommenda-
tions (454 Life Sciences, Branford, CT, USA). PCR
consisted of 1× PCR reaction buffer (20 mM Tris–HCl
(pH 8.4), 50 mM KCl), 2.5 mM MgCl2, 200 μM dNTP,
400 nM of forward and reverse primer, 2.5 U Platinum Taq
DNA polymerase (Invitrogen, Burlington, ON, Canada)
and 2 μl template DNA, in a final volume of 50 μl. Eight to
12 PCR reactions were run for each sample in a
thermocycler (Eppendorf Mastercycler or BioRad MyiQ)
over a temperature gradient: 94°C for 3 min, followed by
40 cycles of 30 s at 94°C, 1 min at 42–60°C, and 1 min at
72°C, followed by a final extension at 72°C for 10 min.
PCR reactions from the same sample were pooled and
concentrated using the AMPure Purification system
(Agencourt Bioscience, Beverly, MA, USA) and purified
by agarose gel separation and extraction (QIAEX II gel
extraction kit, Qiagen). Final amplicon was suspended
in TE buffer (10 mM Tris–HCl, 1 mM EDTA; pH 8.0)
and quantified using a Qubit fluorometer (Invitrogen).

Epsilon-Proteobacteria Enrichment

The cpn10–cpn60 operon (coding region plus inter-spacer
region) from 49 proteobacteria, comprised of six alpha-, six
beta-, six gamma-, 12 delta- and 19 epsilon-proteobacteria
(Supplemental Table 1), were aligned using ClustalW [28]
(gap opening penalty of 50 and gap extension penalty
of five). Consensus regions that included epsilon-
proteobacteria sequences and excluded all others were
identified (Supplemental Figure 1) and primers JH0108
(forward; 5′-ATG AAN TTT CAR CCW YTW GG-3′),
and JH0102 (reverse; 5′-ARC ATH KCT TTT CTT CTR
TC-3′), corresponding to nucleotides 1–20 of the E. coli
cpn10 sequence and nucleotides 847–866 of the E. coli
cpn60 sequence, were designed.

Genomic DNA from Campylobacter jejuni subsp. jejuni,
Campylobacter fetus, Helicobacter nemestrinae, Salmonella
sp., Pseudomonas aeruginosa, Bartonella sp., and Pasteurella
haemolytica was used to optimize the epsilon-enrichment
primer conditions. Magnesium gradients (data not shown) and
temperature gradients (Supplemental Figure 2) were tested to
determine that the specific cpn10–cpn60 amplicon

(∼1,200 bp) could be generated from the epsilon-
proteobacteria species (Campylobacter and Helicobacter
samples) to the exclusion of the alpha-proteobacteria
(Bartonella) and gamma-proteobacteria (Salmonella,
Pseudomonas, and Pasteurella) species tested. Only
epsilon-proteobacteria species generated a band at
∼1,200 bp (Supplemental Figure 2).

The epsilon-proteobacteria enrichment of dog fecal DNA
extracts was carried out by PCR amplification using 1×
PCR reaction buffer [20 mM Tris–HCl (pH 8.4), 50 mM
KCl], 5 mM MgCl2, 200 μM dNTP, 400 nM of JH0108 and
JH0102, 2.5 U Platinum Taq DNA Polymerase (Invitrogen),
and 2 μl template DNA, in a final volume of 50 μl, using
the program: 94°C for 3 min, followed by 40 cycles of 30 s
at 94°C, 1 min at 50°C, and 2 min at 72°C, followed by a
final extension at 72°C for 10 min. The entire PCR reaction
was visualized on an agarose gel with ethidium bromide
staining and UV exposure and the band at ∼1,200 bp was
extracted and purified (QIAEX II gel extraction kit,
Qiagen). Gel-purified DNA was subsequently used as
template DNA in cpn60 UT PCR as described above.

454 Pyrosequencing

For high throughput sequencing using the GS FLX Titanium
system (Roche), cpn60 UT amplicon libraries were pooled in
equimolar concentrations as groups of five and run within
eight regions of a 16-region gasketed plate. Emulsion PCR
and sequencing was performed at the National Research
Council Plant Biotechnology Institute, Saskatoon, SK.

Quality Control and Assembly of OTU

Pyrosequencing data was processed using the default on-rig
procedures from 454/Roche (Branford, CT, USA), and
filter-passing reads were partitioned by MID. For most
reads, a recognizable MID was identified and the read
partitioned using the SFFtools from Roche/454. Additional
reads that exhibited partial degradation of the MID were
recovered using custom PERL scripts. The recovery of
reads with partially degraded MIDs was performed by
identifying the cpn60 UT primer site within each read and
capturing the sequence immediately 5′ of the cpn60 UT
primer. This subsequence (<10 bp) is a perfect suffix of the
MID sequence and can be traced to its appropriate MID
with surety given the set of MIDs loaded in the same
physical region. OTUs were assembled from the entire
dataset (37 profiles total) using the complementary DNA
mode for Newbler (version 2.3), an overlap MinMatch-
Identity of 91%, and overlap MinMatchLength of 137
(which corresponds to at least 25% of the cpn60 UT), as
previously optimized for cpn60 amplicons [25, 27]. During
assembly, “outlier” sequences (including possible chimeras,
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4,724 reads) and reads of insufficient length for assembly
were removed from further analysis. Nearest neighbor
taxonomic labels were assigned to each OTU based on
the best match to reference sequences from cpnDB [29] as
determined by watered-BLAST [25]. Post-assembly quality
control steps included removal of OTUs having <60%
identity to any cpn60 sequence in the reference database
(manually confirmed to represent non-specific amplification
products). OTU sequences are available from cpnDB
(http://www.cpndb.ca), and detailed information about each
OTU is listed in Supplementary Table 2.

Data Analysis

Rarefraction analysis and diversity statistics (Shannon
diversity index, Simpson diversity index, bias-corrected
Chao1 richness estimate, and Good’s coverage estimate) for
each library were calculated from actual read counts for
each OTU using mothur [30]. When sample profiles were
compared directly to each other, read counts for each OTU
were scaled to a median library size of 4,491 reads.
Evaluation of the relatedness between sample profiles was
performed using Unifrac [31, 32]. The input phylogenetic
tree required for Unifrac analysis was created from full-
length cpn60 UT reference sequences representing the
nearest neighbor of each OTU. All phylogenetic trees were
constructed from ClustalW sequence alignments [28] with a
gap opening penalty of 50 and gap extension penalty of 5
before trees were constructed using PHYLIP [33]. A DNA
distance matrix was calculated based on the F84 maximum
likelihood option and a neighbor-joined tree was assem-
bled. Weighted Unifrac distances were calculated, and
jackknife clustering was performed for all sample profiles
together and non-enriched profiles alone.

Statistical Analysis

To determine if there were significant differences in diversity
statistics between healthy and diarrheic samples or non-
enriched and enriched samples, as well as between phyla or
species detected, Levene’s test was used to determine equality
of variances, followed by either an independent t test (for equal
variances) or a Mann–Whitney U test (for unequal variances)
using SPSS software (SPSS Inc., Chicago, IL, USA). A
p<0.05 was used as a cutoff for statistical significance.

Results

Sample Profile Generation

Thirty-seven cpn60 amplicon libraries were prepared and
sequenced from 18 fecal samples [nine from healthy dog

samples (HDS), nine from diarrheic dog samples (DDS)].
Non-enriched cpn60 profiles and epsilon-enriched profiles
were produced for each sample. One technical replicate of
an epsilon-enriched profile was performed (for sample
HDS1fall). A total of 229,981 MID-labeled sequencing
reads were recovered with an average of 6,216 reads per
sample (range, 102–22,411; median, 4,491). Fewer than
1,000 reads were obtained for five samples [HDS9A non-
enriched (783 reads) and enriched (793), DDS11 non-
enriched (102) and enriched (165) and HDS1spring
enriched (599)]. It should be noted that low sequence read
counts appeared to be sample-related (mainly from HDS9A
and DDS11), which suggests that something about these
samples may have affected the efficacy of the pyrosequenc-
ing protocol. Downstream analyses of the aggregate data
was performed both with and without the low sequence
read profiles, and since there were no significant differences
in either the trends or statistical results obtained, all of the
samples were included in the following analyses.

Canine Fecal Microbiome Characteristics

A total of 834 cpn60 OTUs were assembled from the entire
dataset. Non-enriched healthy dog profiles contained 22–
183 OTU (median richness of 109 OTU), non-enriched
diarrheic dog profiles contained 10–160 OTU (median
richness of 74 OTU), epsilon-enriched healthy dog profiles
contained 24–144 OTU (median richness of 56 OTU), and
epsilon-enriched diarrheic dog profiles contained 17–243
OTU (median richness of 36 OTU). There were no
statistically significant differences (at the alpha=5% level
of significance) in observed number of OTU between
sample type groups, but the trend was for the non-enriched
profiles to have more OTU than the epsilon-enriched
profiles and for healthy dogs to have more OTU than
diarrheic ones (Table 2). This trend continued when the
bias-corrected Chao1 richness estimate was calculated: non-
enriched healthy dog profiles had the greatest OTU
richness, while the epsilon-enriched diarrheic profiles had
the least (Table 2). Good’s coverage estimates ranged from
0.916 (HDS1spring enriched profile) to 0.999 (DDS64 non-
enriched profile) (Supplementary Figure 3), with an average
sample coverage of 0.986±0.018.

The same trends were observed with diversity indicators
as were seen with richness indicators. Shannon diversity
and Simpson’s reciprocal indices were highest for non-
enriched healthy dog profiles, followed by non-enriched
diarrheic dog profiles and epsilon-enriched healthy dog
profiles, with epsilon-enriched diarrheic dog profiles being
the least diverse (Table 2).

Clustering of profiles by Unifrac distance revealed that
both health status and profile type (non-enriched or
enriched) were the major influences on the similarity
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between sample profiles. Jackknifed clustering of non-
enriched cpn60 profiles distinguished clusters primarily by
health status (healthy or diarrheic) (Supplemental
Figure 4A). However, this distinction was not completely
clear, with DDS18 clustering with healthy samples and
HDS19 and HDS9A clustering with diarrheic samples.
When all profiles were analyzed together, two major
clusters were formed with non-enriched profiles in one
group and epsilon-enriched profiles in the other. Two of the
low sequence read profiles (HDS9A non-enriched and
DDS11 enriched) were outliers (Supplemental Figure 4B).

Non-Enriched Profiles of Healthy and Diarrheic Dogs

Non-enriched profiles from all 18 samples were examined
individually (Fig. 1a) and as a collective by health status
(Fig. 1b). Healthy dogs had a dominant Bacteroidetes
population (∼50% of reads), with the remainder of the
community composed of Firmicutes and Proteobacteria

(∼25% each). The diarrheic profiles showed a significant
shift away from Bacteroidetes, instead having a Firmicutes/
Proteobacteria/Bacteroidetes/Actinobacteria ratio of
4:4:1:1 (Fig. 1b). Interestingly, the only phylum that was
significantly different in abundance between health states
was the Bacteroidetes (p<<0.05). In the diarrheic profiles,
Bacteriodetes was not simply replaced by another phylum,
but was compensated for by generally higher abundances of
Firmicutes or Proteobacteria, depending on the dog.
Epsilon-proteobacteria were detected at low levels in the
Proteobacteria portion of the non-enriched profiles of
healthy dogs (approximately 11% of the Proteobacteria;
Fig. 1b). Proteobacteria comprised a larger proportion of
the diarrheic dog profiles (average 36.1%), but the epsilon-
proteobacteria were almost undetected (<0.3% of the
Proteobacteria).

The majority of the Bacteroidetes OTUs detected in this
study belonged to the genus Bacteroides. Since the cpn60
UT region has the discriminating power to speciate

Table 2 Diversity statistics

aAverage±standard deviation
for each group

Test Non-enriched libraries Enriched libraries

Healthy Diarrheic Healthy Diarrheic

Observed OTUs 102±44a 73±40 61±36 60±69

Chao1 richness estimate 146±64 100±44 87±46 74±82

Shannon diversity index 2.61±0.79 2.22±0.73 2.29±0.62 1.92±0.70

Simpson’s reciprocal index 9.01±4.35 6.62±4.29 5.66±2.78 4.50±2.92

Figure 1 Composition of
the universal dog fecal profiles
at the phylum level by a
individual dog and b
combined health status
(n=9)
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Bacteroides [34], an analysis of Bacteroides species was
conducted (Table 3). Within the healthy dog population, the
most abundant Bacteroides sequences were B. vulgatus,
both in terms of the number of OTU and number of
normalized sequence reads per dog (Table 3). In the
diarrheic dogs, significantly fewer B. vulgatus-like reads
and B. vulgatus OTUs were detected (Table 3).

Epsilon-Proteobacteria in Healthy and Diarrheic Dogs

PCR primers flanking the cpn60 UT region were designed
to amplify epsilon-proteobacteria and used in a nested-PCR
protocol. To determine the reproducibility of this technique,
replicate enrichments of sample HDS1fall were performed.
The composition of the replicate profiles consisted of
Actinobacteria/Bacteroidetes/Firmicutes/Proteobacteria in
the proportions of <1:<1:18:82 and <1:<1:6:93 for the
two replicates (Supplemental Figure 5). When the replicates
were compared at the genus level, the dominant genus (by
an order of magnitude) was Helicobacter in both profiles,
with only minor differences in rare genera detected
(Supplemental Figure 5). The weighted Unifrac distance
between HDS1fall technical replicates was 0.107, the
smallest distance obtained for any profile comparison in
this study. By comparison, the average weighted Unifrac
distance between all enriched profiles was 0.475±0.137.

Epsilon-proteobacteria were detected at low levels in the
non-enriched libraries of both healthy and diarrheic dogs,
with healthy dog samples containing 40 detectable epsilon-
proteobacteria OTUs (2.66% of reads) and diarrheic dog
samples containing 11 epsilon-proteobacteria OTUs (0.02%
of reads) (Table 4). When the same samples were enriched
for epsilon-proteobacteria sequences, the healthy and
diarrheic dog populations contained 212 and 152 epsilon-
proteobacteria OTUs, accounting for 81.81% and 23.19%
of the reads, respectively (Table 4). This increase in OTU
numbers and percent composition was contributed to by
both increased detection of OTUs observed in the non-

enriched profiles (11 instances) and the detection of new
OTUs (six instances) (Table 4). The latter cases highlight
the success of molecular enrichment for detection of rare
species. For example, Arcobacter skirrowii was not detected
in any dog in any of the non-enriched profiles. After
enrichment, two distinct OTU belonging to A. skirrowii
were detected in both healthy and diarrheic dog samples,
indicating that this species was present below the detection
limit of the non-enriched profiles generated (Table 4). There
was only a single case (Campylobacter concisus) where an
OTU was detected in the non-enriched profile and not in
the enriched profile. In addition, a collection of Helico-
bacter sequences distinct from the reference sequence
collection of Helicobacter species was detected in all four
sample pools (Table 4). This Helicobacter “species” was
distinct from reference sequences by pairwise identity
(87.3–94.8%), branched distinctly by phylogenetic analysis
(Supplemental Figure 6) and was the most dramatically
increased in representation by the enrichment protocol
(Table 4).

Discussion

The dog fecal microbiome is a potential indicator of animal
health and also acts as a reservoir for zoonotic pathogens.
In attempting to better understand the structure of this
microbial community, a variety of methods, including
culture, FISH, T-RFLP, DGGE, metagenomic sequencing,
and 16S rRNA-based pyrosequencing, have been used to
characterize the fecal microbiota of both laboratory and pet
dogs during health, episodes of diarrhea, with dietary
modifications or the administration of antibiotics [13, 14,
17–20, 22–24]. In many cases, when specific groups of
organisms, like Campylobacter or Enterococcus, are of
interest, studies were supplemented with specific PCR or
qPCR to quantify known species [13, 14]. This is often
because organisms of special interest are part of the rare

Table 3 Composition of Bacteroides species detected in non-enriched dog fecal libraries

Nearest neighbour ID rangea Healthy Diarrheic

Number of OTU Average reads per dog Number of OTU Average reads per dog

B. vulgatus ATCC 8482 90.5–99.8 25 576±480b 18 3±4b

B. plebeius JCM 12973 87.7–98.9 8 66±146 2 84±250

B. coprocola DSM 17136 90.3–99.2 4 98±208 5 1±4

B. faecis JCM 16478 87.5–93.5 5 127±368 0 0±0

B. stercoris ATCC 43183 92–99.8 7 1±2 7 15±26

B. olieiciplenus JCM 16102 87.6 1 1±2 1 2±4

a Range of percent identities for OTU and the indicated species
b t=3.580, df=8.001, p=0.007
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microbiome and cannot be detected with the over-arching
survey methods used. Of all the methods available, deep
sequencing of samples by pyrosequencing offers the
advantage of collecting specific sequence information from
a broad range of organisms, including the “unculturables.”
New sequencing instruments have been introduced that
offer more potential for deeper community profiling and
greater direct access to parts of the rare microbiome.
However, depending on the complexity of the community
and its rank abundance profile, even this level of sequencing
may not be sufficient to detect very rare constituents, and
furthermore, the approach may constitute “overkill” depend-
ing on the question being investigated. For researchers with a
targeted question, an enrichment approach like the one
presented here offers a solution based on resources and tools
that are widely available.

The goal of this study was to investigate the fecal
microbiota of healthy and diarrheic dogs by pyrosequenc-
ing the cpn60 gene target. This target, which encodes the
type I chaperonin protein, has been used successfully for
the characterization of the cat fecal microbiome [35], as
well as other intestinal environments [36–38]. The cpn60
UT has been demonstrated to allow better resolution of closely
related taxa compared with the 16S rRNA target [25] while
overcoming known limitations of 16S rRNA-based detection
(such as under-representation of bifidobacteria) [38]. cpn60
UT PCR protocols for faithful community representation
have been validated [26], compared to pyrosequenced
community profiles based on 16S rRNA gene targets [25],
and are supported by a high-quality reference sequence
database [29]. In addition to overall community profiling, we
investigated the utility of introducing a molecular enrichment
step prior to universal PCR to enrich the resulting profiles for

sequences from rare organisms without the need to limit our
results to previously characterized species. The epsilon-
proteobacteria was targeted for this purpose to gain a better
understanding of the Campylobacter and Helicobacter
species present and possibly identify novel taxa within this
class.

The diversity of the fecal microbiota was not significantly
different between healthy and diarrheic dogs in this study
(Table 2). There was a non-significant trend for healthy dogs
to have more OTU and slightly higher Shannon and
Simpson’s diversity indices than their diarrheic counterparts,
but these differences were offset by large animal-to-animal
variation. Previous study of this collection of samples
determined that the total 16S rRNA copies and cpn60 copies
detectable per gram of feces was approximately the same
between healthy and diarrheic feces, indicating that the
diarrheic animals did not shed more or fewer bacteria than
healthy ones [15]. In this study, we are able to elucidate that
the difference between health and disease states is coincident
not in terms of OTU diversity, but rather in the taxonomic
composition of the microbial communities (Fig. 1). This
phenomenon has been seen before in dogs, in a study in
which diet differences were associated with different
taxonomic profiles but comparable numbers of OTU [19].

Examining the fecal microbiota profiles in Fig. 1a, one
healthy dog (HDS9A) and one diarrheic dog (DDS18)
appear noticeably out of place. Healthy dog HDS9A has a
profile almost entirely composed of Firmicutes sequences.
Interestingly, this was the only dog in this study that was
fed a vegetarian diet (Table 1). While this profile was also
one of the low sequence read profiles (783 reads), there is
sufficient data to reflect the overall composition of the
microbiota. Further study is needed to determine if a

Table 4 Composition of epsilon-proteobacteria OTU detected in non-enriched and enriched dog fecal libraries

Nearest neighbour ID rangea Number of OTU (% of pooled libraries)

Healthy non-enriched Healthy enriched Diarrheic non-enriched Diarrheic enriched

Arcobacter skirrowii 97.1–98.7 0 2 (0.37) 0 2 (0.42)

Campylobacter concisus 99.4 1 (<0.01) 0 0 1 (<0.01)

Campylobacter fetus 99.3–100 1 (<0.01) 4 (1.43) 1 (<0.01) 4 (0.90)

Campylobacter gracilis 89.2 1 (<0.01) 1 (0.02) 0 0

Campylobacter jejuni 98.4 1 (0.05) 1 (0.02) 0 1 (0.01)

Campylobacter upsaliensis 93.2–97.3 13 (1.97) 19 (10.61) 1 (<0.01) 12 (0.65)

Flexispira rappini 93 1 (<0.01) 1 (0.50) 0 1 (0.12)

Helicobacter canis 93.3–98.2 15 (0.61) 29 (19.70) 4 (0.01) 4 (0.11)

Helicobacter cinaedi 92.8–93.2 0 0 0 2 (1.67)

Helicobacter nemestrinae 97.8–98.4 0 0 1 (<0.01) 3 (1.32)

Helicobacter sp. 92.6–100 8 (0.03) 155 (49.16) 4 (0.01) 122 (17.99)

Total epsilon-proteobacteria 40 (2.66) 212 (81.81) 11 (0.02) 152 (23.19)

a Range of percent identities of the OTU to the indicated species

354 B. Chaban et al.



Firmicutes-dominated microbiota is characteristic of a
vegetarian diet or if this profile is simply a dog-specific
observation. The other anomalous profile was DDS18,
which looked strikingly characteristic of a healthy dog.
Upon review of the case, it was noted that dogs DDS18 and
DDS19 were littermates residing in the same household
(Table 1). Fecal samples for DDS18 and DDS19 were
submitted for parasitology testing from both dogs when
diarrhea was detected in the household but not resolved to
the level of individual dog. Based on the fecal profiles
generated in this study, we hypothesize that only DDS19
had diarrhea at the time of sampling and that DDS18 was
included as a diarrheic dog sample in error or to test it for
subclinical infection. A larger study of healthy and diarrheic
dog fecal profiles is necessary to be able to draw broad
conclusions, but this small study does reveal trends that
create testable hypotheses for further investigations.

A common question raised during microbial ecology
studies is how stable a population is over time. While the
majority of the original healthy dog fecal samples used in
this study were collected in the spring [15], two dogs
(HDS1 and HDS2) were also sampled the previous fall,
creating a paired set of samples from the same healthy dogs
approximately five months apart. The weighted Unifrac
distances between the paired HDS1 and HDS2 samples
were 0.255 and 0.208, respectively. These distances were
significantly smaller than the average distance between
healthy non-enriched profiles (0.404±0.151), indicating
that samples from the same animal at different times are
more similar to each other than samples taken from
different animals at the same time. This result was expected
and has been found repeatedly in human microbiome
studies [39–41].

Bacteroidetes, and more specifically Bacteroides species,
were significantly reduced in diarrheic dogs relative to
healthy dogs in this study (Fig. 1b and Table 3). Bacteroides
are among the most abundant organisms isolated from
healthy dogs by culture [20, 23] and the most frequently
detected in sequence-based studies [18, 19]. A single probe-
based (FISH) study has suggested that dogs suffering from
chronic diarrhea contain more Bacteroides than healthy
animals [24], while a 16S rRNAT-RFLP analysis found that
Bacteroides spp. levels decreased in diarrhea [13]. Our
results agree with the latter study. The presence of Bacteroides
have been linked to intestinal health in several ways,
including being associated with a healthy body weight in
mice [39] and humans [42] and inducing tolerance to
commensal bacteria at the intestinal mucosa, preventing
inappropriate inflammatory responses in mice [43].

Fusobacteria have been reported to be a major component
of the dog fecal microbiome, detected at levels of 108–9

organisms/g of healthy dog feces by culture [20, 23] and
comprising from 14% to 40% of the 16S rRNA sequences

detected in some studies [19, 44]. Alternatively, other 16S
rRNA studies have detected Fusobacteria at an abundance
of <1% of the total microbiota [18]. When the same dog
fecal samples were examined by two different methods, 16S
rRNA pyrosequencing predicted the prevalence of Fusobac-
teria to be 27–44% of the microbiome [19], while
unamplified whole metagenome sequencing predicted the
same group to represent only 7–8% of sequences obtained
[17]. Fusobacteria sequences were detected in this study,
with four healthy dogs and three diarrheic dogs comprising a
total of three OTU. However, the abundance of these
sequences were <1% of the total microbiota in these animals.
This suggests that Fusobacteria detection may be affected by
the methodology used.

Epsilon-proteobacteria, including both Campylobacter
and Helicobacter, are readily detected in canine feces by
targeted PCR [15, 45]. However, these members of the rare
microbiome have not been detected by DGGE, T-RFLP, and
16S rRNA-based methods [13, 14, 18, 19]. It was therefore
somewhat unexpected that epsilon-proteobacteria sequen-
ces comprised 2.66% of the non-enriched healthy
profiles and 0.02% of the diarrheic ones (Fig. 1b,
Table 4). This increased detection could be a reflection
of the alternative gene target used in this study (cpn60), as
Proteobacteria sequences in general were detected at a
higher prevalence in this study (∼23%) compared to 16S
rRNA-based pyrosequencing studies (<15%) [17–19]. The
dominant epsilon-proteobacteria detected in healthy dogs
were Campylobacter upsaliensis and Helicobacter canis
(Table 4). This agrees with the current understanding of
dog fecal microbiota [9, 15, 46]. A Helicobacter sequence
distinct from any helicobacter in our reference database
was also detected in the libraries (labeled Helicobacter
sp.) (Supplementary Figure 6). Unfortunately, as cpn60
sequences for all described Helicobacter species (such as
for “H. heilmannii”) are not available at this time, we
cannot determine if this Helicobacter is a novel species or
a previously described one missing from our reference
collection. As well, there is the possibility that the single
OTU that was similar to C. gracilis could be a novel
Campylobacter species (Table 4; Supplementary Figure 6).
The reference sequence collection of cpn60 sequences for
the Campylobacter genus is extensive, and a pairwise
identity of 89.2% is suggestive of a distinct species in this
genus (Supplementary Figure 6).

Molecular enrichment increased the proportion of
epsilon-proteobacteria sequences from 2.66% to 81.81%
(31-fold increase) in healthy dog profiles and from 0.02%
to 23.19% (1,160-fold increase) in diarrheic profiles. With
the enrichment, almost all the epsilon-proteobacteria
sequences seen in the non-enriched profiles were still
detected, but at a higher abundance, and additional OTUs
were detected that had not been seen before (Table 4). Non-
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epsilon-proteobacteria sequences detected in the enriched
libraries were predominantly Firmicutes, with very few
Bacteroides sequences (Supplementary Table 2). The greatest
overall difference in the epsilon-proteobacteria community
was seen in the diarrheic profiles. Even though epsilon-
proteobacteria only comprised 23% the enriched profiles,
five additional species (A. skirrowii, C. concisus, C. jejuni,
Flexispira rappini, and H. cinaedi) were detected. This
contrasts the healthy dog profiles, where only A. skirrowii
was detected by enrichment only (Table 4).

The methods used in this study to perform enrichment
for rare bacterial sequences could be transferred to any
target gene and any group of interest. The only requirement
is for sequence knowledge about a group of interest outside
a universal target region. The advantage of studying a rare
group of organisms by an enrichment approach, as
compared to a targeted PCR approach, is that knowledge
of specific target species is not required. This approach also
avoids a problem often encountered with species-specific
PCR where an assay may be too specific for a particular
strain or subset of strains within a species. The detection of
four distinct genera within the target class (Arcobacter,
Campylobacter, Flexispira, and Helicobacter), including
possible novel species, make this a powerful method for
rare microbiome investigation. There has been discussion in
the literature regarding the presence of the “rare biosphere” in
16S rRNA-based deep sequencing studies that appears as a
long tail of singletons in rank abundance curves of OTU and
the extent to which it is an artifact of the methodology [1, 2].
While some sequence diversity is undoubtedly introduced by
PCR and sequencing, our results clearly demonstrate that
enrichment can reveal real microbial diversity at the species
level, undetected in the first tier of sequencing effort.
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