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The aim of this longitudinal microbiome study was to investigate the effects of a

commercially available veterinary synbiotic product (Blackmore’s® Paw DigestiCare

60TM) on the fecal microbiome of healthy dogs using 16S rRNA gene microbial profiling.

Fifteen healthy, privately-owned dogs participated in a 2-week trial administration

of the product. Fecal samples were collected at different time points, including

baseline (prior to treatment), during administration and after discontinuation of product.

Large intra- and inter-individual variation was observed throughout the study, but

microbiome composition at higher phylogenetic levels, alpha and beta diversity were not

significantly altered after 2 weeks of probiotic administration, suggesting an absence

of probiotic impact on microbial diversity. Administration of the synbiotic preparation

did, however, result in transient increases in probiotic species from Enterococacceae

and Streptococacceae families as well as an increase in Fusobacteria; with the

fecal microbiota partially reverting to its baseline state 3-weeks after cessation of

probiotic administration.

Keywords: microbiota, probiotic, Lactobacillus, Enterococcus, Bifidobacterium, Streptococcus, synbiotic

INTRODUCTION

The contribution of the gastrointestinal (GI) microbiome to both GI and systemic health is a
burgeoning field of research in both human and veterinarymedical sciences. This complex bacterial
(fungal, viral, and protozoal) community performs vital intestinal functions and a variety of other
physiological roles (1). Not only does the GI microbiome contribute to normal function but
may also contribute to disease states of the heart, kidneys, liver, nervous system and of course
the gastrointestinal tract (GIT) (1–5). Because of the implications for systemic health, there is
great interest in establishing what constitutes a “normal” or “healthy” GI microbiome, and what
alterations or deficiencies result in susceptibility to, or occurrence of, a multitude of diseases
(1, 4, 6).

The natural progression from this is to investigate pharmaceuticals and nutraceuticals that
alter the GI microbiome, to be used in the prevention or treatment of disease or disease
progression. Probiotics and prebiotics are currently utilized to restore and maintain a favorable
balance of the GI ecosystem. The International Scientific Association for Probiotics and
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Prebiotics (ISAPP) define probiotics as “live microorganisms
that, when administered in adequate amounts, confer a health
benefit on the host”; this can include exogenous and indigenous
microorganisms (7). Prebiotics are defined as “a selectively
fermented ingredient that results in specific changes in the
composition and/or activity of the GImicrobiota, thus conferring
benefits upon host health,” while synbiotic refers to preparations
combining both pro- and pre-biotics “that beneficially affect the
host by improving the survival and implantation of live microbial
dietary supplements in the GIT” (8, 9). All are increasingly
being used in veterinary practice, gaining popularity among
pet owners and veterinarians alike, as over-the-counter food
supplements (10).

Widespread mechanisms of probiotic actions include
competitive exclusion of bacteria with pathogenic potential;
production of essential micro and macronutrients [including
short chain fatty acids (SCFA)]; promotion of junction stability
between intestinal epithelial cells; normalization of perturbed
GI microbiota; production of antimicrobial substances; and
improvement of the digestion process (7, 11). Some mechanisms
are widespread across taxonomic groups, while others are strain-
specific (7). The effect of any probiotic depends on its metabolic
properties, cell surface molecules, and secreted components (12).
Certain biological effects of a probiotic may only be feasible if
exerted by viable organisms that successfully survive the GIT and
adhere to the intestinal epithelium, while others may be exerted
by metabolites or components of bacteria that do not survive
intestinal transit (7, 12, 13). The biological effects of probiotics
may also vary depending on which host species the strains are
isolated from (14, 15). Likewise, the recipient host intestinal
microenvironment and its microbiota will also influence the
effect. Knowledge about the effects and interactions of probiotic
strains with the host gut microbiota are lacking and requires
further investigation.

Systematic reviews in human medicine have not found clear
evidence for an effect of probiotics on the gut microbiota
in healthy individuals, with only 4/19 (21%) trials reviewed
documenting alteration of the GI microbiota in healthy
individuals administered probiotics (16, 17).Most studies, related
to the use of probiotics in dogs, have assessed their utility
in treating both acute and chronic enteropathies, but little is
reported on their use in healthy animals as supplements (1, 18–
23). Moreover, not all commercially available products have been
evaluated scientifically to determine their effect, if any, in either
healthy or diseased dogs. Blackmore’s R© Paw DigestiCare 60TM

has not previously been evaluated but contains bacterial strains
which have reported probiotic effects or characteristics in vitro or
in vivo. These include: Lactobacillus acidophilus, L. rhamnosus, L.
delbrueckii subspecies bulgaricus, L. plantarum and Enterococcus
faecium (7, 9). The prebiotics found in this preparation have
also been previously reported to increase fecal short-chain fatty
acids and enrich fiber-fermenting Firmicutes bacterial groups –
although there is insufficient evidence to support any beneficial
effect on microbiome function (24, 25).

In this study a commercially available multi-strain synbiotic
veterinary product (Blackmore’s R© PawDigestiCare 60TM), which
has not previously been studied, was administered to healthy

dogs with a goal to document any effects to the diversity and
composition of the fecal microbiome at short term. Using high-
throughput ion-torrent pyrosequencing the fecal microbiome
was studied for changes, from baseline, during and after probiotic
administration. We hypothesize that synbiotic administration
would alter the fecal microbiome of healthy adult dogs for the
duration of treatment, but changes would be transient and revert
upon discontinuation of the supplement.

METHODS

Study Dogs
Healthy dogs were recruited on a volunteer basis for participation
in a prospective trial, through advertisement to University
veterinary staff and veterinary students. Dogs were included in
the study after a thorough physical examination and history
found they were free of apparent clinical disease and up
to date with routine vaccinations and ecto-/endo- parasite
control. Criteria of exclusion included: dogs <1 year of age,
detection of abnormalities on physical examination, history of
signs of chronic disease, a recent history of corticosteroid,
non-steroidal anti-inflammatory, proton pump inhibitor or
antibiotic use within the last 3 months, or evidence of recent
or chronic gastrointestinal disease (e.g., vomiting or diarrhea).
Dogs were followed for 1 year following the study to ensure no
disease developed.

This study was approved by and in accordance with the
Animal Ethics committee of University of Melbourne (Animal
Ethics Committee approval AEC #1413272.2), using National
Health and Medical Research Council (NHMRC) guidelines.
Owners gave written consent and were able to withdraw their
animal from the study at any time.

Probiotic Treatment
The product used, Blackmore’s R© Paw DigestiCare 60TM

(Australia), is labeled to contain per 2 grams of powder: 60
million colony forming units (CFU) as: Lactobacillus acidophilus;
L. delbrueckii subspecies bulgaricus; L. plantarum; L. rhamnosus;
Bifidobacterium bifidum; Enterococcus faecium; Streptococcus
salivarius subspecies thermophilus combined with alfalfa grass,
quinoa, spirulina and other legumes and cereals.

The probiotic was administered in its powdered form mixed
with the animal’s meal once per day for 14 consecutive days. Dose
of the probiotic was based on the dog’s weight, in accordance
with the manufacturer’s guidelines: 2 grams for dogs between 5
and 10 kg, 4 grams for dogs between 11 and 25 kg and 6 grams
for dogs > 25 kg. All subjects were maintained on their typical
commercial diet during the study period, water was supplied ad
libitum. No dog was fed a raw meat diet. Owners were asked
to record clinical signs of gastrointestinal discomfort such as
diarrhea, vomiting, abdominal pain and/or loss of appetite.

Samples
Owners were supplied with sterile collection tubes, gloves and
directions for appropriate sample collection and storage. Freshly
voided fecal samples were collected with minimal contamination
and refrigerated prior to transportation to the laboratory (within
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24 h), where a 250mg aliquot was collected in a sterile manner
and stored at −80◦C in preparation for gDNA extraction.
Samples were taken at baseline (visit 1), every 2–3 days during
the treatment period (visits 2–5), then every 3 days (visits 6–8)
after cessation of probiotic. A final sample was collected 3 weeks
after completing treatment (visit 9).

DNA Extraction
Fecal DNA was extracted using Power soil DNA isolation
kit (MoBio laboratories, Catalog No. 12888-100). The 250mg
fecal aliquots were processed using the protocol for DNA
isolation, as detailed in the manufacturer’s instructions, with
some modifications. Briefly, the fecal pellet was added to a glass
bead tube (0.1mm) and 750 µL of bead solution and 60 µL
of C1 solution were added. Then, samples were incubated at
94◦C for 10min. Tubes were then placed in the PowerLyzer R© 24
and were run at 3,000 rpm for 45 s. Extracted DNA was eluted
from the spin column in 100 µL of C6 solution from Mobio
(10mM tris-Cl pH 8.0–8.5). Extracted DNA was quantified and
checked for purity, based on UV absorption ratios 260:280 nm
and 260:230 nm, on a ND1000 spectrometer. DNA extraction
was repeated if the sample’s 280/260 ratio was <1.65 or if DNA
quantity was <10 ng/µL.

Ion-Torrent Pyrosequencing
The extracted gDNA underwent ion torrent pyrosequencing, as
described previously (26), using the universal PCR V4/5 region
primers 515F and 806R at University ofWestern Australia School
of Biomedical Sciences. Samples were sequenced in two runs
(each run: 63 samples), the sequence depth was ∼27,000 reads
per sample.

Raw data was analyzed using the open-source software
package Quantitative Insights into Microbial Ecology (QIIME),
version 2 (QIIME2, release 2020.8) (27). Demultiplexing was
carried out using the qiime2 plugin: qiime cutadapt demux-
single (28) and quality filtering using the pipeline DADA2 (29).
The plugin qiime dada2 denoise-pyro, denoises and clusters
reads based on amplicon sequences variants (ASV, threshold
100% similarity). Taxonomy assignment to the unique sequences
was done by using a pre-trained naïve Bayes classifier trained
against Greengenes (13_8 revision) trimmed to contain only
the V4 hypervariable region and pre-clustered at 99% sequence
identity. A phylogenetic tree was generated using sep from the
q2-fragment-insertion plugin (30). Samples with <500 reads
(counts) and features (taxa) with a total abundance (summed
across all samples) of <10 were removed. For posterior analysis,
runs were merged.

Statistical Analysis
Measurements of alpha (α)-diversity and beta (β)-diversity were
performed using Microbiome and Phyloseq packages from R
(31). The Shannon index was used to express α-diversity.
Using the Bray-Curtis distance β-diversity was assessed (32).
To calculate richness and α/β diversity indices, samples were
rarefied at 7,367 sequences per sample for even depth of analysis.
Rarefaction curves indicated that the rarefaction depth was
appropriate for the analysis.

Hierarchical clustering was done using unweighted pair
group method with arithmetic mean (UPGMA) method (hclust
parameter method= “average”) and the Bray-Curtis distance.

Shannon index (α-diversity) was defined as the response in
a linear mixed model, which included a subject-level random
intercept. The model was defined using the “lme4” package
in R (33). Informativeness of the model was assessed using
the marginal and conditional coefficients of determination as
implemented in the “muMin” package (34, 35). The package
“emmeans” from R, was used for post-hoc comparisons among
time points and for estimating marginal means and their 95%
confidence intervals (36).

Associations between the sampling stage (baseline, probiotic,
or post-administration), and the relative abundance of phyla
or families, were assessed using a hierarchical multinomial
regression model with the logit link function (37, 38),
implemented in the “brms” package (39) in R. Observations from
all time points were included, but only the stage of sampling was
included in the model. Interpretation of effects was conducted
from the posterior predictions of the population taxa abundances
using 10,000 simulated reads, for uniformity.

RESULTS

Animals
A total 15 adult dogs were enrolled in the study (Table 1).
Subjects ranged from 3 to 11 years of age (mean 6.6 years; median
7 years), representing pure and mixed breeds weighing from 5
to 40 kilograms. There were seven castrated males, seven spayed
females and one entire female.

One participant missed a single sample collection during the
trial (dog 8, visit 8), while dog 9 missed several sample collection
dates and only submitted 3 samples in total [baseline (visit
1), during trial (visit 2) and after cessation of treatment (visit
9)]. Dog 11 submitted only the first four time-point samples
and was removed from the study due to development of acute
diarrhea following a known dietary indiscretion event. No other
adverse gastrointestinal effects were recorded, and no changes
in fecal consistency or frequency were observed over the entire
study period.

Effect of Probiotic on the Relative
Abundance of Bacterial Phyla
From 123 samples, a total of 3,354,864 high-quality sequences
were obtained, with the number of reads ranging from 236 to
55,535 per sample (median 26,537.5; mean 27,055.35; standard
deviation (SD) 9,084.28).

The relative abundance of the different bacteria at phylum and
family phylogenetic levels were compared among the different
stages. In the raw data, the relative abundance was highly
varied among stages (Supplementary Figure 1). At phylum
level, Firmicutes, Bacteroidetes and Fusobacteria were the most
populous (Figure 1), with minor proportions of Proteobacteria
and Actinobacteria, as previously reported (40). At baseline,
Firmicutes had a median abundance of 46% (range: 14–87%),
Bacteroidetes 22% (range: 0.4–57%), Fusobacteria 22% (range:
0–63%), Proteobacteria 4% (range: 0–15%) and Actinobacteria
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TABLE 1 | Signalment information of study population.

Dog number Breed Age (years) Sex/neutering status Weight (Kg)

1 Cavalier king charles spaniel X poodle 7 MN 5.5

2 Cavalier king charles spaniel X poodle 3 FS 6

3 Greyhound 5 FS 27

4 Boxer cross 10 MN 20

5 Kelpie cross 10 MN 20

6 Bull Harab X Catahoula Leopard dog 3 MN 40

8 Greyhound 5 FS 34

9 Rhodesian ridgeback cross 9 MN 35

10 Poodle cross 10 FS 10

11 Labrador retriever x dalmatian 8 FS 40

12 Terrier cross 11 MN 7.7

13 Golden retriever 4 FS 25

14 Beagle X cavalier king charles spaniel 9 FS 7.5

15 Cavalier king charles spaniel 3 MN 6.5

16 Gordon setter 3.5 FE 30

M, male; F, female; S, spayed; N, neutered; E, entire.

0.24% (range: 0–3%). At the end of the probiotic trial (visit
5), Firmicutes still predominated with a median abundance of
32% (range: 9–62%), followed by Fusobacteria 29% (range: 3–
66%), Bacteroidetes 27% (range: 12–52%), Proteobacteria 6%
(range: 0.7–18%), and Actinobacteria 0.13% (range: 0–0.71%).
Finally, 3 weeks after cessation of the probiotic, Firmicutes
relative abundance had a median of 31% (range: 13–73%),
Fusobacteria 28% (range: 3–63%), Bacteroidetes 28% (range: 11–
46%), Proteobacteria 3% (range: 1–23%), and Actinobacteria
0.11% (range: 0–4.27%). The same level of variation was seen
at other phylogenetics levels. The relationship between the two
dominant phyla, expressed as the Firmicutes to Bacteroidetes
(F/B) ratio had the tendency to decrease during probiotic
administration and after cessation (Supplementary Figure 2).

Effects of Probiotic on Gut Microbial Alpha
and Beta Diversity
Alpha diversity was analyzed using the Shannon index
considering the subject as well as the stage. In general, Shannon
diversity index was not affected by the administration of the
probiotic when time and subject were considered (Figure 2A);
although it was lower after cessation of the probiotic (Marginal
R2: 0.013). The regression scatter plot (Figure 2B) demonstrates
that the data is dispersed and there is no trend in diversity
over time, such low variability may indicate an absence of
consistent effect.

Beta diversity principal coordinates analysis (PCoA) plots
were constructed using a Bray-Curtis distance matrix at
different stages of probiotic administration (Figure 3A). There
was not a clear separation between baseline, the end of the
probiotic administration and samples 3-weeks after cessation of
the probiotic. Permutational multivariate analysis of variance
(PERMANOVA) (Adonis) using the Bray-Curtis distance
showed that the administration of probiotic explained 5% of the
variability in β-diversity (R2: 0.04, p: 0.972). A detailed analysis

per visit also did not show any clear separation (R2: 0.05, p:
0.955). Analysis of each group separately, showed that the shifts
of the microbiota exhibited a great variability over time when
compared to baseline, although, the distance decreased after
the administration of the probiotic (indicating less variation)
(Figure 3B).

Hierarchical Cluster Analysis
Hierarchal clustering of samples based on their Bray-Curtis
dissimilarity was performed using UPGMA clustering.
We observed that samples have the tendency to cluster
or be in proximity based on the subject (intra-individual)
but not according to stage (time associated variability)
(Supplementary Figure 3).

Effect of Probiotic on Gut Microbial
Composition at the Family Level
To assess how probiotic administration affected the canine GI
microbial composition, a multinomial regression model was
generated to compare the microbial differential abundance in
each sampling stage while accounting for variation between
dogs (Supplementary Table 1). The family level was chosen
as the response because several microorganisms could not be
classified at lower phylogenetic levels. A noticeable variation was
observed among subjects and within each stage. Both during
and after administration of the probiotic, Clostridiaceae was of
lower abundance while Fusobacteriaceae and Bacteroidaceaewere
higher compared to baseline. These effects are weak, and the
precision of estimation is low. They can be visually assessed from
the predictions of the model (Figure 4) which summarizes effects
present in the whole data, but direct interpretation from this
model is difficult (37). Notably, the taxa of probiotic bacteria
present in the supplement were of low abundance throughout all
time points.
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FIGURE 1 | Relative abundance of different bacterial phyla detected on ion-torrent pyrosequencing at different stages of probiotic administration. Visit 1(red): baseline,

visit 5 (blue): end of 2-week probiotic trial and visit 9 (green): samples taken 3 weeks after cessation of the probiotic.

FIGURE 2 | (A) Alpha diversity using the Shannon index at different stages (visits). Visit 1(red): baseline, visit 5 (blue): end of 2-week probiotic trial, and visit 9 (green):

samples taken 3 weeks after cessation of the probiotic. (B) Regression scatter plot linear mixed effects model of alpha diversity demonstrating the trend of data.
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FIGURE 3 | (A) PCoA using Bray-Curtis dissimilarity index. The percentage of variation explained by the principal coordinates (PC1 and PC2) is indicated on the axes

(color of data points reflects stage of trial, red baseline, blues for during probiotic administration and greens for post-administration). (B) Distance boxplots of the

differences in relative abundance between the baseline and the post-treatment sample from the same dog, measured as Bray-Curtis dissimilarity index.

FIGURE 4 | The predicted relative abundances at family level assuming 10,000 multinomial trials. The points are the individual-level predictions. The bars are the 50%

credible intervals for the population prediction. Red represents baseline abundance, blue during probiotic administration, and green after cessation of the probiotic.

DISCUSSION

This study evaluated the effect of dietary supplementation with
a commercial veterinary synbiotic on the intestinal microbiota
of healthy dogs. The product from the present study, Paw
DigestiCare 60TM, contains six subspecies of lactic acid bacteria
(LAB) (Lactobacillus acidophilus; L. delbrueckii subsp. bulgaricus;
L. lantarum; L. rhamnosus; Enterococcus faecium; Streptococcus

alivarius subsp. Thermophiles); and one strain of bifidobacteria
(Bifidobacterium bifidum), in addition to prebiotics. No adverse
effects to the synbiotic were reported during the trial.

During administration of the synbiotic, the relative abundance
of members of probiotic bacterial families varied over time
and was highly individualized, suggesting variable degrees
of probiotic survival and/or gut colonization. In general,
synbiotic administration had a positive effect on abundance

Frontiers in Veterinary Science | www.frontiersin.org 6 June 2021 | Volume 8 | Article 664318

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Ciaravolo et al. Probiotic Impact on Dog Feces

of Enterococacceae and Streptococacceae families, suggesting
successful (at least temporarily) colonization or survival of
GI transit. Meanwhile, Bifidobacteriaceae and Lactobacillaceae
families remained unchanged or decreased during synbiotic
administration. Relative abundances of Enterococcus and
Streptococcus spp. returned to baseline after treatment
discontinuation and no meaningful changes in the major
bacterial phyla were identified with ion torrent-pyrosequencing.

In the present study, Bifidobacteriaceae members were
detected in samples from only two dogs, and only one
dog’s sample detected members of the Lactobacillaceae family.
Enterococacceae members were detected in three dogs and
Streptococacceae in four dogs. The majority of known human
and animal probiotic strains belong to Lactobacillus and
Bifidobacterium genera (41). Lactobacilli commonly inhabit all
parts of the GIT (42) ranging from 104 to 108 CFU/mL and
among them, L acidophilus is predominant (43).

Previous studies report that dog feces contain 108 cells/g of
Bifidobacteria, determined by fluorescence in situ hybridization
(FISH) (44). The low abundance of Bifidobacteria genus
in 16S rRNA gene surveys of diversity may be the result
of it being a measure of relative abundance, not absolute.
Gram-positive organisms (such as Bifidobacteria) can also be
underrepresented in microbial profiling studies due to primer
selection and their thick cell wall (45). Although the method
of DNA isolation performed in this study (bead beating)
is highly effective for the lysis of bacteria (46) and the
primers used are reported to match >95% of the sequences in
Ribosomal database project (RDP) from all the major bacterial
phyla in the gut (Firmicutes, Bacteroidetes, Actinobacteria,
Verrucomicrobia, and Proteobacteria) (47); additional research
using quantitative polymerase chain reaction (qPCR) could
be performed in addition to ion torrent pyrosequencing to
corroborate these results.

The present study did not observe major changes at
higher phylogenetic levels (Figures 1, 2), although the relative
abundance of the Firmicutes phylum and the F/B ratio
(Supplementary Figure 2) tended to decrease during and after
administration. This observation is consistent with previous
research showing that ingestion of probiotics does not alter
the major bacterial phyla in feces (40, 48). At family level,
the abundances of some members were altered in some
individual dogs (Figure 4). Small changes in abundance were
observed during and after administration of the synbiotic,
Fusobacteriaceae and Bacteroidaceae families increased whereas
the Clostridiaceae family exhibited a decrease in abundance. Due
to trial design lacking the collection of more baseline samples,
or a control population, we cannot conclude that the increase
of bacterial families in feces were due to administration of
the synbiotic alone and not simply normal variation. However,
previous human and canine studies have also found that the
use of a synbiotic caused an increase in the relative proportions
of sequencing tags belonging to the phylum Fusobacteria at
all phylogenetic levels down to the genus Fusobacterium when
compared to baseline values (16, 40). Also, like ours, another

study evaluating the quality of L. acidophilus DSM13241 as a
feed additive in healthy adult dogs at a dose of 109 CFU/mL for
4 weeks, found a decrease in absolute abundance of clostridial
organisms in feces (using culture and fluorescence in situ
hybridization) (49).

The clinical significance of these findings is unknown and
warrants further investigation with longitudinal studies, in both
healthy and diseased animals. They may indicate a potential
therapeutic role for probiotics, as both the Fusobacteriaceae
and Bacteroidaceae families have been noted to be of reduced
abundance in animals with chronic enteropathy or inflammatory
bowel disease when compared to healthy dogs (50–52).

The abundance of Fusobacterium spp. is used in the
calculation of the dysbiosis index (along with Faecalibacterium
spp., Turicibacter spp., Streoptococcus spp., E. coli, Blautia
spp., and Clostridium hiranonis), with reduced abundance (and
higher dysbiosis index score) reported in dogs with chronic
enteropathies (53, 54). The dysbiosis index (DI) is a qPCR-based
tool developed to assess fecal dysbiosis in dogs with chronic
enteropathy, it utilizes bacterial taxa shown to be altered in
studies of dogs with and without intestinal inflammation (53).
The DI has only been evaluated in a small number of animals,
with reported sensitivity of 74% and specificity of 95% using a
threshold of DI of 0 as consistent with dysbiosis (53). It has not
yet been demonstrated whether the DI is improved in response
to management of the enteropathy.

In addition, the F/B ratio has been reported to play an
important role in maintaining intestinal homeostasis, with
increases or decreases often associated with obesity and with
IBD, respectively (55, 56). Although, other reports have shown
an opposite trend. Due to diverse lifestyle-associated factors, the
relative abundance of the Firmicutes and Bacteroidetes phyla is
highly variable between subjects from a same population, and we
should bear in mind that this ratio can be affected by an increase
in other phyla and that dysbiotic increases in other phyla do
not necessarily change the F/B ratio (55). Future investigation
of probiotics may benefit from comparing microbial diversity
using the DI and comparing the F/B ratios in addition to other
diversity analysis, particularly where probiotic administration is
being used to treat enteropathy or obesity.

The observations found in the present study agree with a
similar study which used a different multi-strain synbiotic
formulation (containing Bifidobacterium, Enterococcus,
Streptococcus, and four strains of Lactobacillus spp. totaling
5 × 109 CFU) administered to healthy dogs for 21 days. They
reported no alteration of the fecal microbiota abundances at
higher phylogenetic levels during or after administration, but
the proportion of Fusobacteria were found to be significantly
increased during synbiotic administration (40). Also, although
this study reported detection of all probiotic species in the feces
of dogs; only Enterococcus and Streptococcus counts increased
significantly in at least one time point during administration and
returned to baseline abundance after treatment was discontinued.
Like our own study, the detection of probiotic species was not
equal among different individuals. Interestingly, at baseline the
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most abundant phylum was Firmicutes but the second must
abundant was Actinobacteria which was least abundant in the
present study (with Bacteroidetes being second most abundant).
This difference may be a result of geographic differences of
microbial diversity, differences in sample treatment and genome
sequencing or a combination of factors (57). Such differences
in baseline microbial diversity may impact whether a host
microbiome is resistant or permissive to probiotic colonization
and effects (58).

Often, effects of a probiotic are seen only for the duration
of administration with changes to microbiological composition
reverting to initial diversity within days of cessation of treatment.
Here, we observed that the levels of the families of the probiotic
strains returned to baseline levels only, after 3 days of cessation
of the probiotic (Figure 4). In humans, strain- and person-
persistence variability ranges from 2 days up to 6 months
following cessation of probiotic supplementation (10, 59).

In dogs, some studies have found that the effects of a
probiotic occur only for the duration of administration, with
changes to microbial composition reverting to initial diversity
within days of cessation of treatment (9, 40, 49). Whereas,
other studies, have found persistence of the probiotic strain
after discontinuation of the product. In one study, L. rhamnosus
GG (LGG), administered to dogs at 5 × 1011 CFU per day,
was recovered from feces in quantities reflective of the dose
administered and persisted for 4 days after discontinuation (60).
Likewise, a study using a canine-originated probiotic strain
Enterococcus faecium EE3, administered for 1 week to 11 healthy
dogs at a dose of 109 CFU/mL, found the strain persisted in feces
for 3 months after cessation of its administration at a level of
6.83 ± 0.95 log CFU/g (61). This inconsistency likely reflects
that probiotic strain, dose, duration of treatment and the host’s
resident microbiome may all affect probiotic persistence (10).
Also, direct comparison between relative (qPCR) and absolute
abundance (culture) cannot be made, but these discrepancies
indicate a need for future studies to consider the measurement
of both relative and absolute abundance of probiotic strains
(12, 62).

The phylogenetic coverage of 16S rRNA gene clone libraries is
generally limited to the species level (42) impeding the distinction
of probiotic strains and endogenous bacteria that are closely
related (10); and cannot confirm the viability of the bacteria
(bacterial DNA from viable and nonviable microorganisms is
detected) (63). Further, the presence of the bacterial DNA in feces
may only indicate passage of the microbes through the GIT and
their subsequent excretion but does not indicate true GI mucosal
colonization. Thus, in future studies, complementing sequencing
with culture, mucosal biopsy, qPCR and/or analysis at strain level
(shot gun metagenomics) would be ideal, as well as comparison
of changes at the mucosal surface with feces.

Another consideration when investigating microbial diversity
is that due to the low abundance of the targeted probiotic
groups, changes may not be evident at taxonomic level but
may exist at a functional level (12). Bacterial metabolites and/or
bacterial components (including DNA) from the synbiotic

may be present at the mucosal surface and can influence
biological function, regardless of changes in taxonomy (12,
13). More studies assessing genetic capability of the bacteria
(shotgun metagenomics, transcriptomics), impact of bacteria
on clinicopathological parameters, immune system function,
metabolic functions (metabolomics) and amino acid production
(proteomics) would help to elucidate the biological changes in the
GI microbiome. The investigation of probiotic/prebiotic impact
on bacterial and host metabolomics in health and disease, will
likely be more important in future research than changes to
microbiome taxonomy alone. Finally, an increase in the 16S
rRNA gene relative abundance of the administered probiotic
strain should not be interpreted unequivocally as an effect
on the GI microbiome. As supplemented probiotic bacteria
are excreted in the feces, increase in their relative abundance
concomitantly will lead to a reduction in the relative, but not
absolute, abundance of other community members. As such, over
interpretation of the significance of change in abundance should
be avoided (7, 62).

Previously, it was thought that the bacterial species used
in probiotics should be of host species intestinal origin to
produce beneficial health effects (9, 64). This was in part
because it was assumed that the ability to adhere to the
intestinal mucosa, to some extent, was host-species specific.
However, probiotic strains of human origin intended for
human use have been shown to adhere to canine intestinal
mucosa, indicating that species-specificity may not always
be necessary for adhesion (65). Both dog-associated (e.g.,
Bifidobacterium pseudolongum and Bifidobacterium animalis)
and human associated (e.g., Bifidobacterium catenulatum and
Bifidobacterium bifidum) strains of bifidobacteria have been
found in dog feces (44, 66, 67).

Limitations of this study include the small number of dogs
with variable ages and breeds, short duration of treatment,
and different home environments, which may have prevented
detection of differences between treatment stages. As an open-
label study with no placebo group it is possible that any observed
changes in microbiota were a result of normal individual
variation (6). The baseline sample collected from subjects
in this study was performed so that each dog would serve
as its own control removing the need for a control group
comparison (68). Based on the high individual variation noted
in our study, a longer period of baseline sample collection may
have provided a better baseline for comparison and should
be considered for future investigations. As baseline microbiota
composition varies between dogs, longitudinal studies allow a
better assessment not only of community stability but also shifts
in specific taxa. Use of a separate group of control dogs may
also provide useful information on the natural variation of
fecal microbial diversity of individual dogs but given the large
number of uncontrolled variables between client-owned dogs
such controls may not be directly comparable to subjects in a
treatment trial.

Moreover, as the diet of subjects was not controlled
(although kept constant for at least 2 months prior to and
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during the trial), variable macro and micronutrient intake
could have influenced the effect of the probiotics on host
microbiome diversity. However, longitudinal studies (as used
here) have been shown to be optimal in determining the
impact of an intervention on the GI microbiome in humans,
due to highly individualized baseline microbiota and effect
of dietary variation (62, 68). Furthermore, recent studies in
dogs have shown that the kingdom of origin of the ingredients
seems to be less important than the overall macronutrient
composition of diet. Extruded diets with similar macronutrient
contents, prepared exclusively with vegetable sources of
protein, did not significantly alter the microbiome of healthy
dogs (69–71).

Recently, a prospective, placebo-controlled study in a
population of German Shepherds and Belgium Shepherds at
a training base, demonstrated that the strongest response to
administration of a probiotic preparation was observed in the
group of elderly dogs (>5 years), compared with training and
young dogs (72). The gut microbiota of older dogs was shifted to
a young-like composition during administration of the probiotic
formulation (a three-strain compound of 2 × 109 CFU, not
commercially available), but reverted to an “elderly microbiota
age index” within 15 days of stopping the treatment (72). This
study also implemented use of general health markers, feed
intake and weight gain, which improved in the treatment group
compared to the control. In our study, the dogs were a range
of ages and breeds which may have contributed to the greater
variation noted between individuals, however no discernible
difference in response was seen between older and younger
dogs (which may be a result of small sample sizes). Future
studies of healthy dogs should aim to assess the response of
the microbiome in different age and breed groups, as well as
use measurable outcomes relevant to the host, such as improved
appetite or weight gain, rather than reporting microbiome
features alone.

The quantity of each probiotic present in the product
studied is not specified on the label, which will complicate
future comparisons with other formulations. A duration of
administration of 2 weeks was chosen to maximize owner
compliance with the trial, and previous studies have reported
changes in fecal microbial composition within similar time
periods (40, 73, 74). An optimal period of administration has
not been determined for healthy canine or human patients,
but it is possible that a longer duration may result in
more durable or significant changes. Likewise appropriate
dosage of probiotics remains unclear, most trials utilize
different formulations containing various concentrations of a
variety of probiotic organisms which makes direct comparison
challenging especially due to the absence of standardized
markers for efficacy. In this study the formulation is available
commercially (whereas other studies utilize custom made
products with known bacterial counts), which meant that
the dosage of each probiotic strain was unknown, and the
total dose of 6 × 107 CFU per two grams of product is
less than total doses reported in previous probiotic trials.
It is also notable that previously the label accuracy of

veterinary probiotic products in Canada was found to be highly
variable (75).

Furthermore, it would be useful to assess the viability and
concentration of the probiotic strains within the product
at different time points during the trial. An evaluation of
label accuracy and bacterial content in 25 commercially
available products revealed that the overall level of bacterial
growth was highly variable, with one product having no
viable growth despite its labeling of 14 million CFU/capsule,
and another product containing greater than the stated
concentration of Bifidobacterium animalis (75). Likewise,
a study investigating the effect of a synbiotic in healthy
sled dogs showed that the microbial analysis detected
viable organisms in the synbiotic at baseline, before
implementing treatment; but at the end of the trial, only
Enterococcus spp. could be cultured from the synbiotic
supplement (74).

Paw DigestiCare 60TM also contains prebiotics and
fermentable fibers such as spirulina, quinoa and alfalfa in
addition to probiotics, which can impact the GI microbiome
on their own (25, 76). Changes observed after administration
could be due to the probiotics (including their concentrations
relative to one another), the prebiotics, or an effect from
the combination of these. Future studies evaluating the
effects of these factors separately, and their interactions,
are indicated.

CONCLUSION

The response of an individual’s microbiome to the administration
of probiotics is dependent on factors related to the host,
their environment, their existing microbiome, the product
composition, duration of administration and dose. As such,
subjects respond very differently to the same interventions. In
this study, the administration of Paw DigestiCare 60TM lead to
transient changes in the prevalence of some bacterial families
for some individual dogs; these alterations were not persistent
after cessation of treatment and there was no significant change
in overall diversity at any stage in the trial. The longitudinal
design of the study enabled observation that changes were highly
variable both within and between individuals and between stages
of the trial, a reflection of the natural inter and intra-individual
microbiome variability with time. Future longitudinal studies
investigating the functional changes to the microbiome (i.e.,
metabolomics, DI, and markers of general health), are indicated
to understand the impact of synbiotic products on host intestinal
function, both in health and disease.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession numbers can be found below: https://www.ncbi.nlm.
nih.gov/, PRJNA680042.

Frontiers in Veterinary Science | www.frontiersin.org 9 June 2021 | Volume 8 | Article 664318

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Ciaravolo et al. Probiotic Impact on Dog Feces

ETHICS STATEMENT

The animal study was reviewed and approved by University of
Melbourne Animal Ethics Committee (ID1413272.2). Written
informed consent was obtained from the owners for the
participation of their animals in this study.

AUTHOR CONTRIBUTIONS

CM: conceived and designed the experiment. SC: performed the
experiments. RA and LM-L: microbial data analysis. LM-L and
AW: statistical analysis. SC, LM-L, AW, RA, and CM: drafting
the paper and paper revisions and final approval. All authors
contributed to the article and approved the submitted version.

FUNDING

The authors received funding for this work from
Blackmores Limited.

ACKNOWLEDGMENTS

The authors acknowledge the support of Leilani Santos during
the experiments.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2021.664318/full#supplementary-material

REFERENCES

1. Barko PC, McMichael MA, Swanson KS, Williams DA. The
gastrointestinal microbiome: a review. J Vet Intern Med. (2018) 32:9–25.
doi: 10.1111/jvim.14875

2. Ciorba MA. A gastroenterologist’s guide to probiotics. Clin Gastroenterol H.

(2012) 10:960–8. doi: 10.1016/j.cgh.2012.03.024
3. Liu JR, Miao H, Deng DQ, Vaziri ND, Li P, Zhao YY. Gut microbiota-derived

tryptophan metabolism mediates renal fibrosis by aryl hydrocarbon
receptor signaling activation. Cell Mol Life Sci. (2021) 78:909–22.
doi: 10.1007/s00018-020-03645-1

4. Marchesi JR, Adams DH, Fava F, Hermes GDA, Hirschfield GM, Hold G, et al.
The gutmicrobiota and host health: a new clinical frontier.Gut. (2016) 65:330.
doi: 10.1136/gutjnl-2015-309990

5. Kazemian N, Mahmoudi M, Halperin F, Wu JC, Pakpour S. Gut microbiota
and cardiovascular disease: opportunities and challenges.Microbiome. (2020)
8:36. doi: 10.1186/s40168-020-00821-0

6. Bell JA, Kopper JJ, Turnbull JA, Barbu NI, Murphy AJ, Mansfield
LS. Ecological characterization of the colonic microbiota of normal
and diarrheic dogs. Interdiscip Perspect Infect Dis. (2008) 2008:149694.
doi: 10.1155/2008/149694

7. Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, et al. The
international scientific association for probiotics and prebiotics consensus
statement on the scope and appropriate use of the term probiotic. Nat Rev
Gastroentero. (2014) 11:506–14. doi: 10.1038/nrgastro.2014.66

8. Roberfroid M, Gibson GR, Hoyles L, McCartney AL, Rastall R,
Rowland I, et al. Prebiotic effects: metabolic and health benefits.
Brit J Nutr. (2010) 104(Suppl. 2):S1–63. doi: 10.1017/S00071145100
03363

9. Schmitz S, Suchodolski J. Understanding the canine intestinal microbiota and
its modification by pro-, pre- and synbiotics – what is the evidence? Vet

Medicine Sci. (2016) 2:71–94. doi: 10.1002/vms3.17
10. Suez J, Zmora N, Segal E, Elinav E. The pros, cons, and many unknowns of

probiotics. Nat Med. (2019) 25:716–29. doi: 10.1038/s41591-019-0439-x
11. Mukherjee S, Joardar N, Sengupta S, Babu SPS. Gut microbes as

future therapeutics in treating inflammatory and infectious diseases:
lessons from recent findings. J Nutritional Biochem. (2018) 61:111–28.
doi: 10.1016/j.jnutbio.2018.07.010

12. Liu Q, Yu Z, Tian F, Zhao J, Zhang H, Zhai Q, et al. Surface components and
metabolites of probiotics for regulation of intestinal epithelial barrier.Microb

Cell Fact. (2020) 19:23. doi: 10.1186/s12934-020-1289-4
13. Zhong Y, Huang J, Tang W, Chen B, Cai W. Effects of probiotics, probiotic

DNA and the CpG oligodeoxynucleotides on ovalbumin-sensitized brown-
norway rats via TLR9/NF-κB pathway. Fems Immunol Medical Microbiol.

(2012) 66:71–82. doi: 10.1111/j.1574-695X.2012.00991.x
14. Kelley RL, Minikhiem D, Kiely B, O’Mahony L, O’Sullivan D, Boileau T, et al.

Clinical benefits of probiotic canine-derived bifidobacterium animalis strain

AHC7 in dogs with acute idiopathic diarrhea. Vet Ther Res Appl Vet Med.

(2009) 10:121–30.
15. He F, Ouwehand AC, Isolauri E, Hosoda M, Benno Y, Salminen S.

Differences in composition and mucosal adhesion of bifidobacteria isolated
from healthy adults and healthy seniors. Curr Microbiol. (2001) 43:351–4.
doi: 10.1007/s002840010315

16. Kristensen NB, Bryrup T, Allin KH, Nielsen T, Hansen TH, Pedersen O.
Alterations in fecal microbiota composition by probiotic supplementation in
healthy adults: a systematic review of randomized controlled trials. Genome

Med. (2016) 8:52. doi: 10.1186/s13073-016-0300-5
17. McFarland LV. Use of probiotics to correct dysbiosis of normal microbiota

following disease or disruptive events: a systematic review. Bmj Open. (2014)
4:e005047. doi: 10.1136/bmjopen-2014-005047

18. Jensen AP, Bjørnvad CR. Clinical effect of probiotics in prevention or
treatment of gastrointestinal disease in dogs: a systematic review. J Vet Intern
Med. (2019) 33:1849–64. doi: 10.1111/jvim.15554

19. Whittemore JC,Moyers TD, Price JM. Randomized, controlled, crossover trial
of prevention of antibiotic-induced gastrointestinal signs using a synbiotic
mixture in healthy research dogs. J Vet Intern Med. (2019) 33:1619–26.
doi: 10.1111/jvim.15553

20. Shmalberg J, Montalbano C, Morelli G, Buckley GJ. A randomized
double blinded placebo-controlled clinical trial of a probiotic or
metronidazole for acute canine diarrhea. Front Vet Sci. (2019) 6:163.
doi: 10.3389/fvets.2019.00163

21. Nixon SL, Rose L, Muller AT. Efficacy of an orally administered anti-
diarrheal probiotic paste (Pro-Kolin Advanced) in dogs with acute diarrhea:
a randomized, placebo-controlled, double-blinded clinical study. J Vet Intern
Med. (2019) 33:1286–94. doi: 10.1111/jvim.15481

22. Pilla R, Guard BC, Steiner JM, Gaschen FP, Olson E, Werling D, et al.
Administration of a synbiotic containing enterococcus faecium does not
significantly alter fecal microbiota richness or diversity in dogs with and
without food-responsive chronic enteropathy. Front Vet Sci. (2019) 6:277.
doi: 10.3389/fvets.2019.00277

23. Rossi G, Pengo G, Caldin M, Piccionello AP, Steiner JM, Cohen ND,
et al. Comparison of microbiological, histological, and immunomodulatory
parameters in response to treatment with either combination therapy
with prednisone and metronidazole or probiotic VSL#3 strains in dogs
with idiopathic inflammatory bowel disease. PLoS ONE. (2014) 9:e94699.
doi: 10.1371/journal.pone.0094699

24. Patra AK. Responses of feeding prebiotics on nutrient digestibility, faecal
microbiota composition and short-chain fatty acid concentrations in dogs: a
meta-analysis. Animal. (2011) 5:1743–50. doi: 10.1017/S1751731111000887

25. Myint H, Iwahashi Y, Koike S, Kobayashi Y. Effect of soybean husk
supplementation on the fecal fermentation metabolites and microbiota of
dogs. Anim Sci J. (2017) 88:1730–6. doi: 10.1111/asj.12817

26. Kumaresan D, Cross AT, Moreira-Grez B, Kariman K, Nevill P, Stevens
J, et al. Microbial functional capacity is preserved within engineered

Frontiers in Veterinary Science | www.frontiersin.org 10 June 2021 | Volume 8 | Article 664318

https://www.frontiersin.org/articles/10.3389/fvets.2021.664318/full#supplementary-material
https://doi.org/10.1111/jvim.14875
https://doi.org/10.1016/j.cgh.2012.03.024
https://doi.org/10.1007/s00018-020-03645-1
https://doi.org/10.1136/gutjnl-2015-309990
https://doi.org/10.1186/s40168-020-00821-0
https://doi.org/10.1155/2008/149694
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1017/S0007114510003363
https://doi.org/10.1002/vms3.17
https://doi.org/10.1038/s41591-019-0439-x
https://doi.org/10.1016/j.jnutbio.2018.07.010
https://doi.org/10.1186/s12934-020-1289-4
https://doi.org/10.1111/j.1574-695X.2012.00991.x
https://doi.org/10.1007/s002840010315
https://doi.org/10.1186/s13073-016-0300-5
https://doi.org/10.1136/bmjopen-2014-005047
https://doi.org/10.1111/jvim.15554
https://doi.org/10.1111/jvim.15553
https://doi.org/10.3389/fvets.2019.00163
https://doi.org/10.1111/jvim.15481
https://doi.org/10.3389/fvets.2019.00277
https://doi.org/10.1371/journal.pone.0094699
https://doi.org/10.1017/S1751731111000887
https://doi.org/10.1111/asj.12817
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Ciaravolo et al. Probiotic Impact on Dog Feces

soil formulations used in mine site restoration. Sci Rep. (2017) 7:564.
doi: 10.1038/s41598-017-00650-6

27. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-
Ghalith GA, et al. Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nat Biotechnol. (2019) 37:852–7.
doi: 10.1038/s41587-019-0209-9

28. Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. Embnet J. (2011) 17:10–2. doi: 10.14806/ej.17.1.200

29. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADA2: high-resolution sample inference from illumina amplicon data. Nat
Meth. (2016) 13:581–3. doi: 10.1038/nmeth.3869

30. Janssen S, McDonald D, Gonzalez A, Navas-Molina JA, Jiang L, Xu
ZZ, et al. Phylogenetic placement of exact amplicon sequences improves
associations with clinical information. Msystems. (2018) 3:e00021–18.
doi: 10.1128/mSystems.00021-18

31. McMurdie PJ, Holmes S. Phyloseq: an r package for reproducible interactive
analysis and graphics of microbiome census data. PLoS ONE. (2013) 8:e61217.
doi: 10.1371/journal.pone.0061217

32. Lozupone C, Knight R. UniFrac: a new phylogenetic method for
comparing microbial communities. Appl Environ Microb. (2005) 71:8228–35.
doi: 10.1128/AEM.71.12.8228-8235.2005

33. Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed-effects models
using lme4. J Stat Softw. (2015) 67:1–48. doi: 10.18637/jss.v067.i01

34. Package BK. MuMIn: Multi-Model Inference CRAN.R-project 2020. (2020).
Available online at: https://CRAN.R-project.org/package=MuMIn (accessed
June 02, 2021).

35. Nakagawa S, Johnson PCD, Schielzeth H. The coefficient of determination
R2 and intra-class correlation coefficient from generalized linear mixed-
effects models revisited and expanded. J Roy Soc Interf. (2017) 14:20170213.
doi: 10.1098/rsif.2017.0213

36. Lenth R. Estimated Marginal Means, aka Least-Squares Means. (2020).
Available online at: https://CRAN.R-project.org/package=emmeans (accessed
June 02, 2021).

37. Douma JC, Weedon JT. Analysing continuous proportions in ecology and
evolution: a practical introduction to beta and dirichlet regression.Meth Ecol

Evol. (2019) 10:1412–30. doi: 10.1111/2041-210X.13234
38. Fordyce JA, Gompert Z, Forister ML, Nice CC. A hierarchical bayesian

approach to ecological count data: a flexible tool for ecologists. PLoS ONE.

(2011) 6:e26785. doi: 10.1371/journal.pone.0026785
39. Bürkner P-C. Brms : an r package for bayesian multilevel models using stan. J

Stat Softw. (2017) 80:1–28. doi: 10.18637/jss.v080.i01
40. Garcia-Mazcorro JF, Lanerie DJ, Dowd SE, Paddock CG, Grützner N,

Steiner JM, et al. Effect of a multi-species synbiotic formulation on fecal
bacterial microbiota of healthy cats and dogs as evaluated by pyrosequencing.
Fems Microbiol Ecol. (2011) 78:542–54. doi: 10.1111/j.1574-6941.2011.
01185.x

41. Fijan S. Microorganisms with claimed probiotic properties: an
overview of recent literature. Int J Environ Res Pu. (2014) 11:4745–67.
doi: 10.3390/ijerph110504745

42. Suchodolski JS, Camacho J, Steiner JM. Analysis of bacterial diversity
in the canine duodenum, jejunum, ileum, and colon by comparative
16S rRNA gene analysis. Fems Microbiol Ecol. (2008) 66:567–78.
doi: 10.1111/j.1574-6941.2008.00521.x

43. Tang Y, Manninen TJK, Saris PEJ. Dominance of lactobacillus acidophilus
in the facultative jejunal lactobacillus microbiota of fistulated beagles. Appl
Environ Microb. (2012) 78:7156–9. doi: 10.1128/AEM.01975-12

44. Jia J, Frantz N, Khoo C, Gibson GR, Rastall RA, McCartney AL. Investigation
of the faecal microbiota associated with canine chronic diarrhoea. Fems

Microbiol Ecol. (2010) 71:304–12. doi: 10.1111/j.1574-6941.2009.00812.x
45. Sim K, Cox MJ, Wopereis H, Martin R, Knol J, Li M-S,

et al. Improved detection of bifidobacteria with optimised 16S
rRNA-Gene based pyrosequencing. PLoS ONE. (2012) 7:e32543.
doi: 10.1371/journal.pone.0032543

46. Boer R de, Peters R, Gierveld S, Schuurman T, Kooistra-Smid M,
Savelkoul P. Improved detection of microbial DNA after bead-
beating before DNA isolation. J Microbiol Meth. (2010) 80:209–11.
doi: 10.1016/j.mimet.2009.11.009

47. Cole JR, Wang Q, Cardenas E, Fish J, Chai B, Farris RJ, et al. The ribosomal
database project: improved alignments and new tools for rRNA analysis.
Nucleic Acids Res. (2009) 37(Suppl. 1):D141–5. doi: 10.1093/nar/gkn879

48. Venturi, Gionchetti, Rizzello, Johansson, Zucconi, Brigidi, et al. Impact on the
composition of the faecal flora by a new probiotic preparation: preliminary
data on maintenance treatment of patients with ulcerative colitis. Aliment

Pharm Therap. (1999) 13:1103–8. doi: 10.1046/j.1365-2036.1999.00560.x
49. Baillon M-LA, Marshall-Jones ZV, Butterwick RF. Effects of probiotic

lactobacillus acidophilus strain DSM13241 in healthy adult dogs. Am J Vet

Res. (2004) 65:338–43. doi: 10.2460/ajvr.2004.65.338
50. Minamoto Y, Otoni CC, Steelman SM, Büyükleblebici O, Steiner JM, Jergens

AE, et al. Alteration of the fecal microbiota and serum metabolite profiles in
dogs with idiopathic inflammatory bowel disease. Gut Micro. (2015) 6:33–47.
doi: 10.1080/19490976.2014.997612

51. Minamoto Y, Minamoto T, Isaiah A, Sattasathuchana P, Buono A, Rangachari
VR, et al. Fecal short-chain fatty acid concentrations and dysbiosis in
dogs with chronic enteropathy. J Vet Intern Med. (2019) 33:1608–18.
doi: 10.1111/jvim.15520

52. Suchodolski JS, Dowd SE, Wilke V, Steiner JM, Jergens AE. 16S rRNA
gene pyrosequencing reveals bacterial dysbiosis in the duodenum of dogs
with idiopathic inflammatory bowel disease. PLoS ONE. (2012) 7:e39333.
doi: 10.1371/journal.pone.0039333

53. AlShawaqfeh M, Wajid B, Minamoto Y, Markel M, Lidbury J, Steiner J, et al.
A dysbiosis index to assess microbial changes in fecal samples of dogs with
chronic inflammatory enteropathy. Fems Microbiol Ecol. (2017) 93:fix136.
doi: 10.1093/femsec/fix136

54. Werner M, Suchodolski JS, Lidbury JA, Steiner JM, Hartmann K, Unterer S.
Diagnostic value of fecal cultures in dogs with chronic diarrhea. J Vet Intern
Med. (2021) 35:199–208. doi: 10.1111/jvim.15982

55. Stojanov S, Berlec A, Štrukelj B. The influence of probiotics on the
firmicutes/bacteroidetes ratio in the treatment of obesity and inflammatory
bowel disease.Microorg. (2020) 8:1715. doi: 10.3390/microorganisms8111715

56. Magne F, Gotteland M, Gauthier L, Zazueta A, Pesoa S, Navarrete P, et al.
The firmicutes/bacteroidetes ratio: a relevant marker of gut dysbiosis in obese
patients? Nutrients. (2020) 12:1474. doi: 10.3390/nu12051474

57. Senghor B, Sokhna C, Ruimy R, Lagier J-C. Gut microbiota diversity
according to dietary habits and geographical provenance.HumMicro J. (2018)
7–8:1–9. doi: 10.1016/j.humic.2018.01.001

58. Zmora N, Zilberman-Schapira G, Suez J, Mor U, Dori-Bachash M, Bashiardes
S, et al. Personalized gut mucosal colonization resistance to empiric probiotics
is associated with unique host and microbiome features. Cell. (2018)
174:1388–405.e21. doi: 10.1016/j.cell.2018.08.041

59. Maldonado-Gómez MX, Martínez I, Bottacini F, O’Callaghan A, Ventura
M, van Sinderen D, et al. Stable engraftment of bifidobacterium
longum AH1206 in the human gut depends on individualized features
of the resident microbiome. Cell Host Microbe. (2016) 20:515–26.
doi: 10.1016/j.chom.2016.09.001

60. Weese JS, Anderson MEC. Preliminary evaluation of lactobacillus rhamnosus
strain GG, a potential probiotic in dogs. Can Vet J La Revue Vétérinaire Can.

(2002) 43:771–4.
61. Marcináková M, Simonová M, Strompfová V, Lauková A. Oral application

of enterococcus faecium strain EE3 in healthy dogs. Folia Microbiol. (2005)
51:239. doi: 10.1007/BF02932129

62. Knight R, Vrbanac A, Taylor BC, Aksenov A, Callewaert C, Debelius J,
et al. Best practices for analysing microbiomes. Nat Rev Microbiol. (2018)
16:410–22. doi: 10.1038/s41579-018-0029-9

63. Palka-Santini M, Schwarz-Herzke B, Hösel M, Renz D, Auerochs S, Brondke
H, et al. The gastrointestinal tract as the portal of entry for foreign
macromolecules: fate of DNA and proteins. Mol Genet Genom. (2003)
270:201–15. doi: 10.1007/s00438-003-0907-2
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