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SUMMARY Inflammatory bowel disease (IBD) is a chronic autoimmune disease that is
heavily linked with gut dysbiosis. Currently, there is a lack of consensus in microbiome
treatment for IBD, partly due to the lack of translatable animal models. Dogs as companion
animals are a promising disease model due to the similar microbial environment they share
with their owners. However, potential confounding factors affecting the dog fecal microbial
environment are ill-documented, thereby affecting the ability to categorize the species-
specific dyshiosis network among humans and dogs with IBD. In this study, we addressed
three candidate factors including breed, dietary protein, and neutering status potentially
affecting the dog fecal microbiome in both healthy and IBD dogs. Here, we showed that
dog fecal microbial samples did not differ by measures of alpha diversity as well as
differential abundance in terms of all three selected factors. Nonetheless, our study provided
proof of concept that IBD decreases microbial diversity and alters the microbial profile
among the dog fecal samples analysed.

INTRODUCTION

BD is a chronic inflammatory disease of the intestinal tract comprising ulcerative
colitis (UC) and Crohn’s disease (CD) among other abnormalities (1). The clinical
burden in humans is estimated to be $1.2 billion in Canada which represents a significant
burden on managing chronic symptoms such as abdominal pain, bloody stools, and
vomiting (2,3). Factors such as genetics, microbiome, and immunological abnormalities
have been identified as part of the pathogenesis of IBD (1,3). In particular, vigorous
research has been done on the possibility of altering the microbiome as a treatment option
due to the heavy linkage of dysbiosis with poor abdominal health and subsequent immune
activation of inflammatory T cells, contributing to the chronic inflammation of the gut (4).
Currently, there is a lack of consensus in microbiome treatment, partly due to the lack of
appropriate animal models. Conventional animal models such as lab-raised mice have lower
diversity in their gut microbiome and weaker immune systems compared to their wild
counterparts, which leads to their questionable relevance as a model of the human immune
system and microbiome (5,6). This leads to the exploration of using dogs as a model for
human IBD as they share a microbial environment with their owners as companion animals
and develop similar gene dysfunction to people with CD (2,7,8). While factors such as
genetics, environmental exposure, and diet are well categorized in the pathogenesis of IBD
in humans, confounding factors affecting the microbiome in IBD dogs are ill-documented.
Our study contributes to a better understanding of these factors, and aid in the design of
better controlled studies using dogs as a model for IBD. Namely, three candidate factors
including breed, protein intake, and neutering status were selected based on available
evidence showing their effect on the dog microbiome. Using a publicly available dataset
published by Vazquez-Baeza et al. (7), the microbiome of dog fecal samples was analysed
based on microbial diversity among dog breed groups, protein sources and crude amounts,
and neutering status, as well as differential abundance analysis between breed groups.

Dog breeds. In previous studies, there have been consistent findings of associations with
canine IBD and gut dysbiosis, noting a significant decrease in bacterial species richness and
alpha diversity in dogs with IBD (9,10). Further, studies on computer-based patient record
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systems identified that specific dog breeds including Weimaraner, Rottweiler, German
shepherd, border collie, and boxer are at significantly higher risk compared to mixed breed
dogs for developing for IBD (11). Determination of such breeds are important for genetic
research and will aid in more focused investigations of genetic mutations associated with
canine IBD. In particular, German shepherd dogs with IBD show polymorphisms in the
NOD2 gene, a known genetic risk factor for Crohn's disease in humans (8), which shows
the importance of discovering dog breed-specific mutations relevant in the study of human
IBD. We hypothesize that dog breeds at-risk for IBD exhibit lower microbial richness and
alpha diversity. Further, we predict that IBD causes gut dysbiosis, thereby decreasing
microbial diversity.

Dietary protein. Hydrolyzed protein is considered to be “hypoallergenic” because the
proteins have been broken down into polypeptides small enough to not stimulate the gut
immune system. Hence, this diet is often prescribed to dogs with IBD because it is easily
digestible (12). In a field study, Mandigers et al. found that a hydrolyzed protein diet
reduced long-term gut inflammatory disease symptoms in dogs (12). Furthermore, Sandri et
al. found that raw meat diets promoted more rich and balanced bacterial communities in the
gut microbiome of dogs compared to commercially extruded diets (13). As such, we
hypothesize that a hydrolyzed diet is associated with lower gut microbial diversity than
dogs fed chicken, fish, or lamb as a protein source. We predict that hydrolyzed protein
reduces the need for a complex microbiome for protein digestion, resulting in decreased
microbial diversity.

Studies have also shown that diets with varying proportions of crude dietary protein
affect the gut microbiome in dogs. Schmidt et al. found that dogs fed a Bones and Raw
Food (BARF) diet, which is high in protein, had greater gut microbial beta diversity than
dogs fed a lower-protein commercial diet in terms of unweighted UniFrac distances (14).
Likewise, we also hypothesize that high-protein diets are associated with greater gut
microbial diversity than low-protein diets. We predict that low crude protein content causes
gut dyshbiosis in guts, thereby reducing microbial diversity.

Neutering status. Gonadectomy can have an impact on the microbiota because sex
hormones (which are no longer produced when an animal is spayed/neutered) have been
found to be associated with the presence and growth of certain bacterial lineages in the gut
(15). Studies on mice and pigs posit that sex hormones give rise to an overall difference in
the composition and diversity of the gut microbiota between males and females (15-17). For
example, these studies have linked androgens, which are male sex hormones, to an
increased abundance of bacterial families such as Veillonellaceae and Kineosporiaceae (15-
17). However, their relation to the pathogenesis of IBD is not well documented.
Interestingly, such studies have found that gonadectomy was able to mitigate these
differences, reporting higher degrees of similarity between castrated males and females
(15,16,18). Taking all of this into consideration, we predict that there will be differences in
microbial composition between male and female dogs in our analysis. Overall, with the
removal of sex hormones caused by spaying/neutering, we hypothesize that spayed/neutered
dogs share similar gut microbial diversity regardless of sex.

At-risk dog breeds, protein source and percent crude protein, and neutering status were
selected as candidate factors due to previous findings of their influence on gut microbial
diversity. It is worthwhile to investigate these factors to evaluate the suitability of dogs as
an animal model. In other words, any changes in gut microbial diversity associated with at-
risk breeds, dietary protein, and neuter status suggest that these factors must be controlled in
future studies of IBD.

METHODS AND MATERIALS

Study system. Vazquez-Baeza et al. collected data on 192 dogs, extracted and sequenced
DNA from naturally passed fecal samples, demultiplexed the sequences using QIIME, and
produced 16S rRNA sequences that we used in our study (7,19).
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Within the study subjects, those with chronic signs of gastrointestinal (Gl) disease were
diagnosed with idiopathic IBD based on the World Small Animal Veterinary Association
(WSAVA) criteria and their clinical status was evaluated using a published clinical canine
IBD activity index (CIBDAI) (7). Information such as age, weight, sex, breed, neutering
status, etc. was further obtained from the clinical records of each study subject. Also, if
provided, information regarding the diet (trade and manufacturer) that was fed at the time of
sample collection was obtained from their clinical records, and information about the
dietary macronutrients within their diet (protein, fat, and carbohydrate content) was
obtained from the data provided in the manufacturer’s labels (7). This metadata information
was also used for analyses in our study.

Preliminary data processing in QIIME 2. The demultiplexed sequences were first quality
controlled using DADA2 (g2-dada2 plugin) in QIIME 2 (19,20). This process filters out
sequences by identifying and correcting sequencing errors and removing chimeric
sequences. The sequences were also truncated to 84 bases to adjust for differences in
sequence base quality. This quality controlling process ultimately produces two artifacts: a
feature table artifact and a representative sequences artifact consisting of amplicon
sequencing variants (ASVs). As opposed to the use of OTUs in the study by Vazquez-Baeza
et al, ASVs were utilized because they provide higher precision, tractability,
reproducibility, and are more comprehensive when compared to the use of OTUs (7,21).
Since ASVs can be resolved exactly down to single-nucleotide differences, they can further
provide higher resolution taxonomic information and more detailed representations of
diversity within a sample (21).

Following quality control, the generated feature table artifact was filtered using the g2-
feature-table plugin (19). The feature table was filtered to include only subjects who had
IBD or were healthy controls; 15 samples were removed because the subjects had acute
hemorrhagic diarrhea and limited clinical information. For the analysis of breeds, an extra
column “at-risk” was added to the metadata outlining whether or not a specific study subject
was at-risk of developing IBD according to the breeds identified by Kathrani et al. (11). For
analysis on neutering, the feature table artifact was further filtered by neuter status (yes or
no) to make comparisons between healthy neutered and intact dogs, with IBD neutered and
intact dogs. The filtered feature tables of each respective factor of interest were then
rarefied to a depth of 15,000 sequences per sample; this number was chosen according to
the depth used in the study by Vazquez-Baeza et al. as it was indicated to have the best
tradeoff between sequences and samples per disease status category (7). By choosing this
depth, it also allowed for comparative results between this study and the previously
conducted study.

The numerical amounts of crude protein were pre-categorized by Vazquez-Baeza et al.
as low protein (14-20% crude), moderate protein (21-26% crude) and high protein (26-35%
crude) (7). As for analysis of protein sources, it is important to note that feature tables were
not generated separately for healthy subjects and IBD subjects. Due to an uneven
distribution of dietary protein sources between healthy and IBD subjects (e.g., only 1
healthy subject fed hydrolyzed protein remained after rarefaction), both healthy and 1BD
subject samples had to be combined for downstream analysis. Summaries of the sample
sizes for each factor of interest are shown in Supplemental Tables 1-5.

After filtering and rarefaction, the align-to-tree-mafft-fasttree pipeline from the qg2-
phylogeny plugin was used to generate a rooted phylogenetic tree artifact (19). With the
representative sequences artifact as an input, this pipeline performs multiple sequence
alignment using MAFFT, masks alignment columns that are ambiguously aligned or
phylogenetically uninformative, creates a phylogenetic tree from the masked alignment
using FastTree 2, and finally generates a rooted phylogenetic tree artifact using midpoint
rooting (22-24). The generation of a rooted phylogenetic tree is important for building
phylogenetic relationships between the different ASVs within the data set and allowing for
various diversity metrics to be conducted.

For taxonomic classifications, the g2-feature-classifier plugin was used to train a Naive
Bayes classifier with the Greengenes (release 13_8) 97% database (25,26). To increase the
classification accuracy, the sequences from the reference database were extracted using a
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515F/806R primer pair (the same primers used in the original amplification of the

sequences provided by Vazquez-Baeza et al.) and trimmed to 84 bases to match the length

of the ASVs generated from DADAZ2. After that, taxonomic information was assigned to the

extracted reference sequences to output a trained classifier. This classifier was then applied

to the representative sequences artifact to generate a taxonomy artifact which contains

information regarding the taxonomic classifications for each ASV.

Lastly, additional filtering was performed using the g2-feature-table plugin to remove
rare ASVs, non-bacterial sequences, and to filter out features containing mitochondria in
their taxonomic annotation (19). The giime tools export command was then used to export
the generated data from QIIME 2 for downstream analysis — the filtered feature table
artifact and the taxonomy artifact were exported together as a BIOM file, and the rooted
phylogenetic tree artifact was exported as a Newick file for analysis in R (v4.0.3) (27).

A
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Shannon Diversity Index

FIG. 1 Alpha and Beta diversity
differences in Healthy vs. IBD dog
samples. (A) Quantification of
| microbial alpha diversity (Shannon)
healthy IBD across IBD and healthy dogs, error bars
indicate mean + SE, p=4.677e-10
B (Mann-Whitney U test). Healthy n=84,
IBD n=64. **** indicate a significant
difference between healthy and IBD
subjects p<0.0001 (B) Principal
coordinates analysis (PCoA) plot of
2 beta diversity (weighted UniFrac)
distances across healthy and IBD dog
samples. Healthy samples cluster on the
left, while IBD samples cluster on the
right.

PCoA (Weighted Unifrac)

disease_stat
* healthy
1BD

Axis2 [10.2%]
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Data and statistical analyses. Alpha and beta diversity metrics were produced using R and
the following R packages: tidyverse, vegan, phyloseq, DESeq2, ggplot2, car, and ggpubr
(28-34). For the analysis of overall Shannon alpha diversity among healthy and IBD dogs,
Mann-Whitney U test was used, and principal coordinates analysis (PCoA) plots were
generated to visualise weighted UniFrac distances between healthy and IBD dog samples
(35). For comparisons of Shannon diversity among healthy and IBD subjects from at-risk
breed and non-at-risk breed groups, two-way analysis of variance (ANOVA) was used
considering “at-risk” as one factor and “disease status” as another factor, followed by
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Tukey’s HSD post-hoc analysis to determine significant factors or interaction effects. For
differential abundance analysis between healthy and IBD animals among at-risk and non-at-
risk breed groups, the relative abundances for each ASV were calculated, and only ASVs
that were more abundant than 0.1% were considered in the analysis. Furthermore, a false
discovery rate of 5% was applied to detect significantly different taxa among groups.

For analysis of dietary protein and neutering status factors, Shannon diversity metrics were
used and the Kruskal-Wallis test was applied to assess statistical significance. Subjects
without dietary protein or neutering status information, as well as samples categorized as
“other” in the protein source metadata column, were further filtered out and excluded to
eliminate variables that could potentially affect statistical analysis.

Data availability. The raw sequences used in this study can be found in the European
Nucleotide Archive (ENA) under the accession no. ERP014919 (7). The original metadata
can also be found through Qiita (https://giita.microbio.me) under study ID 833. Preliminary
data processing commands can be found in the Supplemental QIIME 2 Script and the R
analyses for this study are available in the Supplemental R Script. Both supplemental scripts
and the edited metadata file can be found at_https://github.com/bonnyso/MICB447_Team9.

RESULTS

Alpha and beta diversity differ by disease status in dog samples. Shannon diversity
analysis revealed a significant decrease in gut microbial alpha diversity among fecal
samples of dogs with IBD (n=64) compared to healthy dogs (n=84) (Figure 1A). Microbial
richness and abundance were significantly reduced (p=4.677e-10) in the IBD group by
Mann-Whitney U test. In addition, a PCoA plotting of weighted UniFrac distances revealed
clear distinction between the IBD and healthy samples (Figure 1B). Curiously, IBD data for
weighted UniFrac distances had more spread when compared to the healthy dog samples.
Taken together, IBD significantly reduced alpha diversity among dog fecal samples, and
altered microbial beta diversity relative to healthy dog fecal samples.

disease_stat (8 healthy IBD
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Risk p = 0.7680

Disease p = 1.131e-08 ***
Risk x Disease p = 0.5413

At-risk dog breeds were not significantly different in alpha diversity compared to non-
at-risk breeds. After confirming the effect of IBD in lowering alpha diversity in dog fecal
microbial samples, we looked further into the effect of dog breed among healthy and IBD
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FIG. 2 At-risk dog breeds were
not significantly different in
alpha diversity compared to
non-at-risk breeds. Microbial
alpha diversity (Shannon) across
at-risk and non-at-risk dog breeds
according to IBD status, error
bars indicate mean + SE. Data
were analyzed by 2-Way
ANOVA, followed by Tukey's
HSD post-hoc test. * indicates a
significant post-hoc disease effect
within a specific risk breed group
(* p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001). Non-
at-risk healthy n=79, At-risk
healthy n=5, Non-at-risk IBD
n=49, At-risk IBD n=15.
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dogs. At-risk dog breeds were grouped as one category comprising Weimaraner, Rottweiler,
German shepherd, border collie, and boxer breeds which were identified to be at
significantly higher risk compared to mixed breed dogs for developing IBD in previous
studies (11). Non-at-risk dog breeds were categorized as all breeds excluding the
aforementioned at-risk breeds. The total number of samples analysed were n=79, n=5,
n=49, n=15 for non-at-risk healthy, at-risk healthy, non-at-risk IBD, and at-risk IBD
animals, respectively. Similar to the results generated in the pooled dog fecal samples,
Shannon diversity analysis revealed a significant decrease in gut microbial alpha diversity
among fecal samples of dogs with IBD compared to healthy dogs regardless of at-risk status
(Figure 2). We detected an overall significant effect of IBD in lowering alpha diversity
among dog samples (p<0.0001), and post-hoc Tukey HSD analysis revealed a significantly
decreased alpha diversity among the non-at-risk group IBD (p<0.0001) as well as the at-risk
group IBD (p=0.031) (Figure 2). Contrary to our expectations, 2-way ANOVA analysis
revealed no significant effect for the risk factor (p=0.768), indicating that at-risk breed
groups did not contribute to the lowered alpha diversity observed in IBD dog samples.
Indeed, when comparing across the means for all samples from the different breed groups,
alpha diversity of at-risk dogs did not differ from non-at-risk dogs. Importantly, when
performing a differential abundance analysis, we identified relatively higher abundances of
the family Enterococcaceae in both at-risk and non-at-risk IBD dogs (Supplemental Figure
1). Enterococcaceae is a family of bacteria associated with dog IBD identified in the study
conducted by Véazquez-Baeza et al., showing consistency between these results (7). Taken
together, these data suggest that there is no difference in overall fecal microbial alpha
diversity between the at-risk and non-at-risk dog breeds. Individual taxa correlated to IBD
were significantly higher for the IBD dogs independent of at-risk breed groupings.
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Alpha and beta diversity did not differ between dietary protein sources or amounts of
crude protein. At a glance, the boxplot of Shannon group significance by protein source
(Figure 3) showed that hydrolyzed dietary protein appeared to be associated with lower
Shannon diversity than all the other protein sources. These results suggested that
hydrolyzed diets were associated with lower microbial community richness compared to
other protein sources, which would be consistent with our expectations. However, the
results were not significant (p=0.0778) by Kruskal-Wallis statistical analysis. This trend
may have occurred by chance or could be due to more subjects with IBD being fed
hydrolyzed protein. Hydrolyzed protein samples (n=10) had a median Shannon diversity
index of 1.8, while chicken (n=45), fish (n=10) and lamb (n=10) samples had a median
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FIG. 3 Hydrolyzed protein diets
were not significantly associated
with lower alpha diversity
compared to other protein
sources. Shannon group
significance boxplot measures
Shannon diversity. Error bars
indicate median + SE. Kruskal-
Wallis statistical analysis was
performed in R (v4.0.3). p=0.0778.
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score of approximately 2.5. The chicken-based diet category had the greatest sample size,
with samples clustering near the median.

Shannon Diversity Index
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Percent Crude Protein

Conversely, the percentage of dietary protein consumed did not influence gut microbial
alpha diversity in dogs. Diversity analysis of Shannon group significance by percent crude
protein (Figure 4) demonstrated that there were no significant differences in Shannon
diversity between diets composed of high (n=14), moderate (n=40), and low crude protein
(n=19). The Shannon diversity indices narrowly ranged between 2.2-2.6 and were not
significantly different by Kruskal-Wallis statistical analysis (p=0.78777). Based on these
results, it could not be inferred if diets with high, moderate, and low levels of crude protein
were associated with differences in microbial community richness in the gut.

Furthermore, protein sources and percent crude protein were not associated with
differences in beta diversity. A PCoA plot of weighted UniFrac distances produced
overlapping ellipses and no distinct clustering for protein sources (Supplemental Figure 2A)
and amounts of crude protein (Supplemental Figure 2B). These results suggest that the
categorical variables were similar when considering phylogenetic distances between fecal
samples.

Alpha diversity between male and female dogs in all neuter status and disease status
combinations was not significantly different. Analysis of Shannon diversity in R found
that the gut alpha diversity in spayed/neutered male and female dogs was not statistically
different from one another. The p-values for spayed/neutered dogs that had IBD (female:
n=12, male: n=11) (Figure 5A) and spayed/neutered dogs that were healthy (female: n=31,
male: n=24) (Figure 5B) were p=0.4082 and p=0.9842, respectively. Interestingly, the alpha
diversity of intact male and female dogs with IBD (female: n=13, male: n=26) (Figure 5C)
was not significantly different either (p=0.1776). To control for the factor of IBD
potentially influencing these findings, the alpha diversity of the intact healthy dogs (female:
n=15, male: n=14) (Figure 5D) was also examined. It was found that males and females in
this group were also not significantly different from one another (p=0.5532). As such, the
lack of a statistically significant difference between intact male and female dogs in either
disease group prevents us from deducing that gonadectomy itself was responsible for the
results seen in Figure 5A and Figure 5B.

With respect to beta diversity, no significant clustering patterns were observed in terms
of weighted UniFrac distances in spayed/neutered male and female dogs of either disease
status (Supplemental figure 3A and 3B). There were also no significant clustering patterns
among intact male and female dogs of either disease status as well (Supplemental figure 3C
and 3D). These findings suggest that there are no differences in the gut microbial
September 2021 Volume 26: 1-13 Undergraduate Research Article » Not refereed https://jemi.microbiology.ubc.ca/ 7
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composition between male and female dogs, regardless of their neuter status. A weighted
UniFrac PCoA plot combining all of the neuter and disease status combinations together
was also generated to further assess whether or not there were any community differences
among intact and spayed/neutered dogs. Similar to what was found in Figure 1B, there was
clustering based on disease status (Supplemental figure 5), but neuter status itself did not
have any effect on gut microbial composition (Supplemental figure 6A and 6B).
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DISCUSSION

Our exploratory study aimed to discover potential confounding variables in dog IBD, with a
focus on investigating the effects of breed, dietary, and reproductive factors on the gut
microbial diversity of dogs with IBD using previously published metadata by Vézquez-
Baeza et al. (7). Through a bioinformatic approach, we were able to reproduce the main
findings of Vazquez-Baeza et al. with respect to alpha and beta diversity analyses (7). In
our study, dogs with IBD were found to have significantly lower gut microbial alpha
diversity than healthy dogs (Figure 1A), and there were clear differences in beta diversity in
the gut microbiomes of these two groups (Figure 1B). These significant differences in alpha
and beta diversity provide proof of concept that IBD affects the composition of the gut
microbiome of dogs with the disease. However, our study seeks to determine if other factors
could be contributing to these differences in diversity to evaluate the suitability of dogs as
an animal model for human diseases of the gut.

Dog breeds. Our analysis of alpha diversity revealed no apparent differences between at-
risk and non-at-risk breeds (Figure 2), although IBD dogs had consistently lower alpha
diversity compared to healthy dogs regardless of risk group of breeds (Figure 2). This may
be due to the unbalanced sample sizes available in the metadata since the sample sizes for
the at-risk dog breeds were much lower than the non-at-risk dog samples. In particular, the
sample size for the at-risk healthy group was the lowest at n=5, which had limited our
analysis on potential baseline differences among the healthy samples of the dog breeds
greatly.
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FIG. 5 Neutering status was
not associated with any
significant differences in
alpha diversity between
males and females in all
neutering status and
disease status
combinations. Shannon
group significance boxplots
comparing the alpha diversity
between male and female
dogs. (A) Neutered + IBD
(female: n=12, male: n=11),
(B) Neutered + Healthy
(female: n=31, male: n=24),
(C) Intact + IBD (female:
n=13, male: n=26), (D) Intact
+ Healthy (female: n=15,
male: n=14)
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Further differential abundance analysis confirmed a higher relative abundance of the
family Enterococcaceae in both at-risk IBD and non-at-risk IBD dog samples
(Supplemental Figure 1). Enterococcaceae are gram-positive bacteria of the order
Lactobacillales (commonly known as lactic acid bacteria), which produces lactic acid as a
major end product in their metabolism (36). Increased numbers of Enterococcaceae within
the gastrointestinal tract is characteristic of human IBD — in patients with UC, this is caused
by an increase in production of mucin and hyaluronic acid within the intestines, both of
which serve as a substrate for lactic acid production (37). Increased production of these two
substrates allow for optimal conditions for Enterococcaceae to thrive as they can utilize
them as a part of their metabolism to produce lactic acid (37). In agreement with the data
generated from humans, greater abundance of Enterococcaceae has also been previously
identified to be linked to the dog IBD dyshiosis network (7). Indeed, previous studies on
canine chronic enteropathies reported increased abundance of Enterococcaceae in pre-
treatment dogs with idiopathic IBD when compared to their antibiotic treated counterparts,
indicating the correlation between Enterococcaceae and IBD (38). Taken together, while
our results did not show any alpha diversity driven differences among the breed groups, we
provided strong proof of concept that IBD dogs had a distinct microbiome when compared
to healthy dog samples.

Dietary protein. Although subjects fed hydrolyzed protein diets appeared to have lower gut
microbial alpha diversity than subjects fed chicken, fish, and lamb (Figure 3), our
hypothesis that hydrolyzed protein is associated with decreased diversity could not be
supported by these results because they were not statistically significant. As noted in the
Methods and Materials and Study Limitations sections, due to an uneven distribution of
dietary protein sources between healthy and IBD subjects after rarefaction, protein sources
had to be compared without separating the subjects by disease status. In other words, IBD
was a potential confounding variable when comparing protein sources.

Previous studies have found mixed results regarding hydrolyzed protein diets. One
study found that fecal samples of dogs fed hydrolyzed protein had slightly greater alpha
diversity and no difference in beta diversity compared to a placebo diet (39). However, the
authors propose that their results may have been due to the removal of an allergic irritant
from the previous diet (39) suggesting that any changes in the microbiota may not have
resulted from the hydrolyzed diet alone. Furthermore, in our study, dogs were fed other
nutrients in addition to protein such as fat, carbohydrates, and fiber, for which we were
unable to control. As such, a study by Jackson & Jewell showed that hydrolyzed protein
diets with and without added carbohydrates or fiber resulted in different levels of diversity
in the gut microbiome of healthy dogs (40). These results suggest that changes in gut
composition can be due to the ratio of hydrolyzed protein to other nutrients, rather than the
protein source itself. Overall, a more controlled research design is required to draw
conclusions about whether protein source can be considered as a factor affecting the gut
microbiome of dogs with IBD.

In terms of percentage of dietary crude protein, our hypothesis could not be supported
because there were no significant differences in gut microbial alpha (Figure 4) and beta
diversity (Supplemental Figure 2B) between the three diets. These results were inconsistent
with the findings of other authors who found significant differences in beta diversity. For
instance, Schmidt et al. found that unweighted UniFrac distances differed in dogs fed
higher-protein BARF diets compared to lower-protein commercial extruded diets (14), and
Ephraim et al. found that Manhattan distances differed when dogs were fed low (19%),
medium (25%), and high (46%) protein foods (41). As mentioned above, in our study, other
factors such as fat, fiber, and carbohydrate intake were not controlled. Given that other
authors have noticed the interplay between different nutrients in the gut (39,40), nutrients
besides protein could have been confounding variables that prevented the generation of
significant results.

Neutering status. The final aim of this study was to observe how gonadectomy affects sex
hormone-mediated differences in the diversity of the gut microbiota of male and female
dogs. Since there was no significant difference in the alpha diversity between male and
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female spayed/neutered dogs with IBD (Figure 5A) as well as male and female
spayed/neutered dogs that were healthy (Figure 5B), this was consistent with our hypothesis
that spayed/neutered dogs share similar gut compositions regardless of sex. This also aligns
with previous studies that have found that sex-based differences in the gut microbiota were
mitigated when the males were castrated (15,16). Moreover, these findings support the idea
that the absence of sex hormones mitigates sex-based differences in the microbial
composition of the gut (15).

However, contrary to what was expected, it was also observed that males and females
belonging to the intact & IBD group (Figure 5C) and males and females belonging to the
intact & healthy group (Figure 5D) were not significantly different from one another. This
was not consistent with a number of studies that have found sex hormones as mediators of
sex-based differences in the gut microbiota (15,16,18), suggesting that another variable may
be involved in producing these results in neutered and intact dogs. As such, these findings
prevent us from confirming whether or not gonadectomy (and the absence of sex hormones
associated with gonadectomy) was in fact responsible for the lack of an apparent
statistically significant difference between male and female dogs.

A possible confounding variable that may have had an influence on our findings could
be age. The factor of age is a potential concern because it has been found that the gut alpha
diversity of post-pubescent mice bore sex-based biases, while the gut alpha diversity of pre-
pubescent mice did not (15). In other words, male and female mice that had not yet reached
sexual maturity were not significantly different from one another. Taking this into
consideration, it may have been possible that some of the dogs in our study had not yet
reached sexuality maturity at the time of testing, resulting in the lack of a significant
difference between intact dogs of either sex. Although the age of each test subject was
recorded in the original study, we were unable to effectively control for this factor due to
limited sample size.

Limitations This study had several limitations, including the limited sample sizes for the
factors we were interested in investigating. Due to the limitation in samples for individual
dog breeds, we had to group all the different at-risk breeds identified in previous studies as
one group for alpha diversity calculations as well as differential abundance analysis, which
limited our ability to identify possible outliers in the breed groups greatly. In addition, the
original study identifying the dog breeds at-risk for developing IBD only examined South-
Eastern UK dogs (11), while the metadata we analysed for our study included dogs from
diverse countries of origin, which could be a source of variation in our data explaining the
disagreement in the results generated. Still, future studies are encouraged to conduct a more
in-depth analysis into possible microbial diversity differences among specific dog breeds
using balanced groupings of IBD and healthy samples.

Furthermore, due to the limited sample sizes, disease status could not be considered
when comparing the effects of dietary protein sources on the gut microbiota. Consequently,
after rarefaction, the hydrolyzed protein category mainly consisted of dogs with IBD. This
presented a major limitation because we could not control for disease status, resulting in a
potentially false trend that hydrolyzed protein diets were associated with lower microbial
alpha diversity. Thus, IBD was a potential confounding variable in our statistical analysis.
Additionally, with respect to our analysis of neutering status, the limited sample size also
prevented us from exploring whether or not age confounded with the effects of neutering.

Another limitation was that certain metadata columns in the dataset provided by
Vazquez-Baeza et al. (7) contained categorical groupings of numerical variables. For
instance, percent crude protein was pre-categorized into three groups (14-20%, 21-25%, and
26-35%). Without the raw numerical percent values, we were unable to perform a
correlation and regression analysis to observe a linear relationship between Shannon
diversity and the amount of protein consumed. Instead, a Shannon diversity boxplot was
generated with the categorical variables but may have been less effective for comparing the
effects of percent crude protein.
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Conclusions Our study aimed to investigate factors that potentially influence the gut
microbiota of dogs with IBD. Namely, these factors were at-risk dog breeds, protein source
and percent crude protein, and neutering status. Overall, we found that these factors were
not associated with any changes in alpha diversity. Nonetheless, further research is required
to determine the impact and role that each of these factors have on the composition of the
gut microbiota in dogs. Our hypotheses would need to be confirmed or refuted with studies
using a greater sample size and a well-balanced design with regards to the individual factors
that were investigated. For this reason, the effects of breed, diet, neutering status, as well as
other factors influencing canine gut microbiota are still unclear and remain to be a
promising area of research. Taken together, our study serves as a preliminary step in
gauging the effectiveness and suitability of dogs as an animal model for human IBD.

Future Directions A major limitation in this study was the lack of balanced and sufficient
sample sizes for each factor of interest. As the effects of breed, dietary, and reproductive
factors on the gut microbiome of dogs with IBD remain unknown, future studies may
consider repeating this investigation using a larger and better distributed sample size.

Particularly, a larger sample size would allow for reliable identification of specific
taxonomic groups that are more relatively abundant in subjects belonging to certain
categories. For instance, although differential abundance analysis was able to detect
increased levels of family Enterococcaceae in both at-risk IBD and non-at-risk IBD dog
breeds (Supplemental Figure 1), there were considerably fewer at-risk subjects compared to
non-at-risk. Future studies could include greater and more equal numbers of at-risk and non-
at-risk breed subjects to make a more reliable comparison of taxonomic groups. Moreover,
it was not possible to compare the effects of protein sources by differential abundance
analysis because any abundant indicator taxa in the hydrolyzed protein category were solely
based on 9 IBD subjects and 1 healthy subject. In future studies, a greater sample size of
healthy subjects fed hydrolyzed protein could overcome this limitation and reliably discover
taxonomic groups associated with this type of diet.

With respect to neutering status, several modifications to the study design can be made
to robustly investigate its effects on gut microbial composition. Firstly, a larger sample size
would also allow for more granular control over other factors that can potentially confound
the outcomes of neutering. Notably, future studies should consider controlling for age when
analyzing gonadectomy as a factor that mitigates sex-based biases in the gut microbiota.
Provided that sex-specific hormones have been associated with driving these sex-based
differences (15), it may also be beneficial to gauge the concentration of sex-hormones (such
as testosterone or estrogen) in all dogs at the time of sampling. Lastly, it may also be
worthwhile to account for the age at which dogs were spayed/neutered, given that this was
not a variable that was recorded in the original study by Vézquez-Baeza et al (7). This
information can be used to investigate whether there is a difference between dogs that were
spayed/neutered before or after reaching sexual maturity.

In addition, although metadata on environmental exposure (whether the dogs were kept
indoors or outdoors) was collected, this information was only available for a subset of study
subjects. The sample sizes were simply too small to make meaningful comparisons for the
effect of environmental exposure on the factors we were investigating, which could have
possibly confounded our analysis. In particular, this factor is worthy of future study since
outdoor exposure is known to influence early life microbiome and offer some protection
towards autoimmune allergies in humans (42). As such, future experiments on the dog
microbiome are encouraged to collect as much descriptive data as possible on the outdoor
exposure level of dogs to enable more in-depth analysis.

ACKNOWLEDGEMENTS

We would like to thank the Department of Microbiology and Immunology at the University
of British Columbia for funding and allowing us to investigate this project. Of note, we
would like to express our gratitude to Dr. David Oliver, Dr. Stephan Koenig, Emily
Adamczyk, Mihai Cirstea, llan Rubin, and the rest of the MICB 447 teaching team for their

September 2021 Volume 26: 1-13 Undergraduate Research Article » Not refereed

UJEMI

https://jemi.microbiology.ubc.ca/

11



Calalang et al. UJEMI

continued guidance, support, and feedback throughout this project. Lastly, we would also
like to thank Vazquez-Baeza et al. for providing us with the data set used in this study (7).

CONTRIBUTIONS

Joshua C. Analysed and generated plots for all data pertaining to the investigation of neutering status.
Honor C. Analysed and generated plots for all data pertaining to the investigation of breeds.

Kristi L. Analysed and generated plots for all data pertaining to the investigation of dietary protein.
Bonny S. Contributed to writing the methods, acknowledgements, and compiling references.

All co-authors contributed equally to writing all other sections of the manuscript, including the abstract,
introduction, conclusion, study limitations, and future directions sections. All co-authors edited the
draft and final versions of the manuscript.

REFERENCES

1. Guan Q. 2019. A comprehensive review and update on the pathogenesis of inflammatory bowel disease. J
Immunol Res 2019:7247238.

2. Jiminez JA, Uwiera TC, Douglas Inglis G, Uwiera RRE. 2015. Animal models to study acute and chronic
intestinal inflammation in mammals. Gut Pathog 7:29.

3. Fakhoury M, Negrulj R, Mooranian A, Al-Salami H. 2014. Inflammatory bowel disease: Clinical aspects and
treatments. J Inflamm Res 7:113-120.

4. Nishida A, Inoue R, Inatomi O, Bamba S, Naito Y, Andoh A. 2018. Gut microbiota in the pathogenesis of
inflammatory bowel disease. Clin J Gastroenterol 11:1-10.

5. Rosshart SP, Vassallo BG, Angeletti D, Hutchinson DS, Morgan AP, Takeda K, Hickman HD, McCulloch JA,
Badger JH, Ajami NJ, Trinchieri G, Pardo-Manuel de Villena F, Yewdell JW, Rehermann B. 2017. Wild mouse
gut microbiota promotes host fitness and improves disease resistance. Cell 171:1015-1028.

6. Beura LK, Hamilton SE, Bi K, Schenkel JM, Odumade OA, Casey KA, Thompson EA, Fraser KA, Rosato
PC, Filali-Mouhim A, Sekaly RP, Jenkins MK, Vezys V, Haining WN, Jameson SC, Masopust D. 2016.
Normalizing the environment recapitulates adult human immune traits in laboratory mice. Nature 532:512-516.
7. Vézquez-Baeza Y, Hyde ER, Suchodolski JS, Knight R. 2016. Dog and human inflammatory bowel disease
rely on overlapping yet distinct dysbiosis networks. Nat Microbiol. 1:16177.

8. Kathrani A, Lee H, White C, Catchpole B, Murphy A, German A, Werling D, Allenspach K. 2014.
Association between nucleotide oligomerisation domain two (Nod2) gene polymorphisms and canine
inflammatory bowel disease. Vet Immunol Immunopathol 161:32-41.

9. Suchodolski JS, Dowd SE, Wilke V, Steiner JM, Jergens AE. 2012. 16S rRNA Gene pyrosequencing reveals
bacterial dysbiosis in the duodenum of dogs with idiopathic inflammatory bowel disease. Plos One 7:e39333.
10. Xenoulis PG, Palculict B, Allenspach K, Steiner JM, Van House AM, Suchodolski JS. 2008. Molecular-
phylogenetic characterization of microbial communities imbalances in the small intestine of dogs with
inflammatory bowel disease. FEMS Microbiol Ecol 66:579-589.

11. Kathrani A, Werling D, Allenspach K. 2011. Canine breeds at high risk of developing inflammatory bowel
disease in the south-eastern UK. Vet Rec 169:635.

12. Mandigers PJJ, Biourge V, Van Den Ingh TSGAM, Ankringa N, German AJ. 2010. A randomized, open-
label, positively-controlled field trial of a hydrolyzed protein diet in dogs with chronic small bowel enteropathy.
J Vet Intern Med 24:1350-1357.

13. Sandri M, Monego SD, Conte G, Sgorlon S, Stefanon B. 2017. Raw meat based diet influences faecal
microbiome and end products of fermentation in healthy dogs. BMC Vet Res 13:65.

14. Schmidt M, Unterer S, Suchodolski JS, Honneffer JB, Guard BC, Lidbury JA, Steiner JM, Fritz J, Kélle P.
2018. The fecal microbiome and metabolome differs between dogs fed Bones and Raw Food (BARF) diets and
dogs fed commercial diets. PloS One 13:20201279.

15. Yurkovetskiy L, Burrows M, Khan A, Graham L, Volchkov P, Becker L, Antonopoulos D, Umesaki Y,
Chervonsky A. 2013. Gender bias in autoimmunity is influenced by microbiota. Immunity 39:400-412.

16. He M, Gao J, Wu J, Zhou, Y, Fu H, Ke S, Yang H, Chen C, Huang L. 2019. Host gender and androgen levels
regulate gut bacterial taxa in pigs leading to sex-based serum metabolite profiles. Front Micobiol 10:1359.

17. Yuan X, Chen R, Zhang Y, Lin X, Yang X. 2020. Sexual dimorphism of gut microbiota at different pubertal
status. Microb Cell Fact 19:152.

18. Org E, Mehrabian M, Parks BW, Shipkova P, Liu X, Drake TA, Lusis AJ. 2016. Sex differences and
hormonal effects on gut microbiota composition in mice. Gut Microbes 7:313-322.

19. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith G, Alexander H, Alm,EJ,
Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K, Brejnrod A, Brislawn CJ, Brown CT, Callahan BJ,
Caraballo-Rodriguez AM, Chase J, Cope EK, Da Silva R, Diener C, Dorrestein PC, Douglas GM, Durall DM,
Duvallet C, Edwardson CF, Ernst M, Estaki M, Fouquier J, Gauglitz JM, Gibbons SM, Gibson DL, Gonzalez A,
Gorlick K, Guo J, Hillmann B, Holmes S, Holste H, Huttenhower C, Huttley GA, Janssen S, Jarmusch AK, Jiang
L, Kaehler BD, Kang KB, Keefe CR, Keim P, Kelley ST, Knights D, Koester I, Kosciolek T, Kreps J, Langille
MGI, Lee J, Ley R, Liu Y, Loftfield E, Lozupone C, Maher M, Marotz C, Martin BD, McDonald D, Mclver LJ,
Melnik AV, Metcalf JL, Morgan SC, Morton JT, Naimey AT, Navas-Molina J, Nothias LF, Orchanian SB,
Pearson T, Peoples SL, Petras D, Preuss ML, Pruesse E, Rasmussen LB, Rivers A, Robeson MS, Rosenthal P,

September 2021 Volume 26: 1-13 Undergraduate Research Article » Not refereed https://jemi.microbiology.ubc.ca/

12



Calalang et al. UJEMI

Segata N, Shaffer M, Shiffer A, Sinha R, Song SJ, Spear JR, Swafford AD, Thompson LR, Torres PJ, Trinh P,
Tripathi A, Turnbaugh PJ, Ul-Hasan S, van der Hooft JJJ, Vargas F, Vazquez-Baeza Y, Vogtmann E, von Hippel
M, Walters W, Wan Y, Wang M, Warren J, Weber KC, Williamson CHD, Willis AD, Xu ZZ, Zaneveld JR,
Zhang Y, Zhu Q, Knight R, Caporaso JG. 2019. Reproducible, interactive, scalable and extensible microbiome
data science using QIIME 2. Nat Biotechnol 37:852-857.

20. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 2016. DADA2: High-resolution
sample inference from lllumina amplicon data. Nat Methods 13:581-583.

21. Callahan BJ, McMurdie PJ, Holmes SP. 2017. Exact sequence variants should replace operational taxonomic
units in marker-gene data analysis. ISME J 11:2639-2643.

22. Katoh K, Standley DM. 2013. MAFFT multiple sequence alignment software version 7: improvements in
performance and usability. Mol Biol Evol 30:772-780.

23. Lane DJ. 1991.16S/23S rRNA Sequencing, p 115-175. In Stackebrandt E, Goodfellow M (ed), Nucleic Acid
Techniques in Bacterial Systematic. John Wiley and Sons, Chichester, NY.

24. Price MN, Dehal PS, Arkin AP. 2010. FastTree 2 — Approximately maximum-likelihood trees for large
alignments. PloS One 5:69490.

25. Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, Huttley GA, Caporaso JG. 2018.
Optimizing taxonomic classification of marker-gene amplicon sequences with QIIME 2’s q2-feature-classifier
plugin. Microbiome 6:90.

26. McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst A, Andersen GL, Knight R,
Hugenholtz P. 2011. An improved Greengenes taxonomy with explicit ranks for ecological and evolutionary
analyses of bacteria and archaea. ISME J 6:610-618.

27. R Core Team. 2020. R: A language and environment for statistical computing (v.4.0.3). https://www.R-
project.org/. Retrieved 30 December 2020. {Code and/or software.}

28. Wickham H, Averick M, Bryan J, Chang W, D'Agostino McGowan L, Francois R, Grolemund G, Hayes A,
Henry L, Hester J, Kuhn M, Lin Pedersen T, Miller E, Milton Bache S, Muller K, Ooms J, Robinson D, Paige
Seidel D, Spinu V, Takahashi K, Vaughan D, Wilke C, Woo K, Yutani H. 2019. Welcome to the Tidyverse. J
Open Source Softw 4:1686.

29. Jari Oksanen F, Blanchet G, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR, O’Hara RB,
Simpson GL, Solymos PM, Stevens HH, Szoecs E, Wagner H. 2019. vegan: Community Ecology Package. R
Package version 2.5-6. https://CRAN.R-project.org/package=vegan. Retrieved 03 January 2021. {Code and/or
software.}

30. McMurdie PJ, Holmes S. 2013. Phyloseq: An R package for reproducible interactive analysis and graphics of
microbiome census data. PLoS ONE 8:e61217.

31. Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol 15:550.

32. Wickham H. 2016. In Gentleman R, Hornik K, Parmigiani G (ed), ggplot2: Elegant Graphics for Data
Analysis, 2nd ed. Springer-Verlag, New York, NY.

33.Fox J, Weisberg S. 2019. In Salmon H, DeRosa K, Dickens G (ed), An R Companion to Applied Regression,
3rd ed. Sage Publications, Thousand Oaks, CA.

34. Kassambara A. 2020. ggpubr: ‘ggplot2' Based Publication Ready Plots. R package version 0.4.0.
https://CRAN.R-project.org/package=ggpubr. Retrieved 03 January 2021. {Code and/or soft-ware}
35.Lozupone C, Knight R. 2005. UniFrac: A new phylogenetic method for comparing microbial communities.
Appl Environ Micobiol 71:8228.8235.

36. Wolfgang L, Schleifer KH, Whitman WB. 2009. Family IV. Enterococcaceae fam. nov., p 594-623. In VVos
P, Garrity G, Jones D, Krieg NR, Ludwig W, Rainey FA, Schleifer KH, Whitman W (ed), Bergey’s Manual of
Systematic Bacteriology, 2nd ed, vol 3. Springer, New York, NY.

37. Ruzickova M, Vitézova M, Kushkevych I. 2020. The characterization of Enterococcus genus: Resistance
mechanisms and inflammatory bowel disease. Open Med (Wars) 15:211-224.

38. Kalenyak K, Isaiah A, Heilmann RM, Suchodolski JS, Burgener IA. 2018. Comparison of the intestinal
mucosal microbiota in dogs diagnosed with idiopathic inflammatory bowel disease and dogs with food-
responsive diarrhea before and after treatment. FEMS Microbiol Ecol 94:fix173.

39. Pilla R, Guard BC, Steiner JM, Gaschen FP, Olson E, Werling D, Allenspach K, Schmitz SS, Suchodolski
JS. 2019. 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
6:277.

40. Jackson MI, Jewell DE. 2018. Balance of saccharolysis and proteolysis underpins improvements in stool
quality induced by adding a fiber bundle containing bound polyphenols to either hydrolyzed meat or grain-rich
foods. Gut Microbes 10:298-320.

41. Ephraim E, Cochrane C, Jewell DE. 2020. Varying protein levels influence metabolomics and the gut
microbiome in healthy adult dogs. Toxins 12:517.

42. Shihi H, Boutin RC, Cutler C, Suen M, Finlay BB, Turvey SE. 2019. Thinking bigger: How early-life
environmental exposures shape the gut microbiome and influence the development of asthma and allergic
disease. Allergy 74: 2103-2115.

September 2021 Volume 26: 1-13 Undergraduate Research Article » Not refereed https://jemi.microbiology.ubc.ca/



