
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tjas20

Italian Journal of Animal Science

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tjas20

Network-based gut microbiome analysis in dogs

Elisa Scarsella, Aashish Jha, Misa Sandri & Bruno Stefanon

To cite this article: Elisa Scarsella, Aashish Jha, Misa Sandri & Bruno Stefanon (2022) Network-
based gut microbiome analysis in dogs, Italian Journal of Animal Science, 21:1, 1465-1475, DOI:
10.1080/1828051X.2022.2124932

To link to this article:  https://doi.org/10.1080/1828051X.2022.2124932

© 2022 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

View supplementary material 

Published online: 28 Sep 2022.

Submit your article to this journal 

Article views: 262

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tjas20
https://www.tandfonline.com/loi/tjas20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/1828051X.2022.2124932
https://doi.org/10.1080/1828051X.2022.2124932
https://www.tandfonline.com/doi/suppl/10.1080/1828051X.2022.2124932
https://www.tandfonline.com/doi/suppl/10.1080/1828051X.2022.2124932
https://www.tandfonline.com/action/authorSubmission?journalCode=tjas20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tjas20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/1828051X.2022.2124932
https://www.tandfonline.com/doi/mlt/10.1080/1828051X.2022.2124932
http://crossmark.crossref.org/dialog/?doi=10.1080/1828051X.2022.2124932&domain=pdf&date_stamp=2022-09-28
http://crossmark.crossref.org/dialog/?doi=10.1080/1828051X.2022.2124932&domain=pdf&date_stamp=2022-09-28


PAPER

Network-based gut microbiome analysis in dogs

Elisa Scarsellaa , Aashish Jhab, Misa Sandria and Bruno Stefanona

aDipartimento di Scienze Agroalimentari, Ambientali e Animali, University of Udine, Udine, Italy; bGenetic Heritage Group, Program in
Biology, New York University Abu Dhabi, Abu Dhabi, United Arab Emirates

ABSTRACT
A growing number of studies in the last decade described the microbial populations in different
niches of the organism thank to High-throughput DNA sequencing techniques, that are easily
accessible to researchers. Furthermore, network analysis allows characterisation of bacteria that
are indirectly linked to outcomes such as disease, diet and host sex through their association
with other taxa. The present work on the gut microbiome follows previous research in which
data were collected from 8 in-house dietary intervention studies in healthy dogs. Animals were
divided according to diet and sex. The process of sample collection, storage, DNA extraction
and sequencing, bioinformatic and statistical analysis followed a tailored, internally defined pipe-
line. The extracted DNA was prepared for sequencing of the V3 and V4 regions of the 16 rRNA
gene. Correlation network analysis was performed by calculating pairwise relationships between
taxa using the Sparse Correlations for Compositional Data (SparCC) algorithm. First, we identified
candidate bacteria that were highly abundant in the microbial community, and second, we
examined taxa that were directly related to diet and sex factors. In summary, this study under-
pins the network structure of the gut microbiome of dogs categorised by diet and sex and pro-
vides a better explanation for the interactions between bacteria that led to the grouping of
dogs based on environmental or genetic factors. Specifically, this study has provided the basis
for understanding how the bacterial community in the gut is interconnected and functions as a
function of diet composition and sex.

HIGHLIGHTS

� Network analysis could allow indirect association between bacteria composing the gut micro-
biome and outcomes, such as disease, diet and sex of the host.

� This research put the basis on the definition of enterotypes also in dogs, a concept already
applied in humans.

� Positively correlated bacteria, belonging to modules could help to modulate diets and thera-
pies for the treatment of enteropathies or gut-related pathologies linked to a dysbiosis status
of the host.
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Introduction

The human and non-human gut harbours a large com-
munity of microorganisms that are extremely different
from each other in terms of microbial diversity but
have the ability to interact closely with the host. The
field of the microbiome in relation to health status
and environmental factors continues to expand in
companion animals and livestock (Sandri et al. 2014;
Deng and Swanson 2015). In these years, researchers
have focussed on the role of gut microbiota involved
in metabolic activities, protection against pathogens,
the transmission of signals to the immune system, and

direct and indirect influence on most physiological
functions (Pilla and Suchodolski 2019).

Several associations have been discovered between
the composition of the gut microbiome and the co-
occurrence of diseases, which may or may not be
related to the gastrointestinal tract but correlate with
dysbiosis in the animal. The definition of intestinal
dysbiosis refers to a change in the composition of the
microbial population living in the gastrointestinal tract.
The change in the balance between the abundance of
bacteria inhabiting the gut can lead to functional
changes in the microbial transcriptome, proteome, or
metabolome (Zeng et al. 2017). These changes can
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have important consequences for the host, such as
the onset of diseases like obesity, cardiovascular dis-
ease, inflammatory bowel disease, and diabetes
(Muegge et al. 2011; David et al. 2014; Thorburn et al.
2014). These functional changes may not always occur
due to processes such as functional redundancy.

The composition of the gut microbiome is influ-
enced by several factors, both genetic and environ-
mental. Improving host health, especially in dogs,
through nutritional management or selecting the best
therapy based on a response to a genetic factor are
the goals of recent studies. Several experiments have
shown that dietary composition is reflected in differ-
ent profiles of the intestinal microbiome of dogs (Pilla
and Suchodolski 2019; Vastolo et al. 2022), although
the composition of the microbial population inhabit-
ing the gut can be considered an individual finger-
print (Garcia-Mazcorro et al. 2017). Even though there
are a growing number of studies on the intestinal
microbiome of dogs, most of them focus on character-
ising the microbial community in individuals with dif-
ferent gastroenteropathies (Aggiungere citazioni). It is
of utmost importance to study and characterise the
gut microbiome of healthy dogs in all aspects, as it is
not possible to fully understand all the variations and
interactions in a microbial community of a diseased
host without knowing what is happening in a healthy
subject. In the previously published research on
healthy dogs (Scarsella et al. 2020b) the role that diet
and sex have on the gastrointestinal microbiota has
been reported. The results suggested that the gut
microbiome of dogs can be divided into enterotypes,
as is the case in humans. An enterotype is a group of
individuals with the same abundance of certain gut
microbial taxa (Arumugam et al. 2011). This categorisa-
tion has not yet been applied to dogs, mainly because
of the conflicting results found in the literature, which
is due to the small sample size of the experiments.
Although a definition of enterotypes was not yet
defined for companion animals, an attempt has been
done by Alessandri et al. (2020), where the authors
were able to perform a reconstruction of the core gut
microbiota of dogs and cats with their classification
into distinct community state types at both genus and
species levels, identifying Bacteroides, Fusobacterium,
and Prevotella 9 as the main bacterial components of
the canine and feline gut microbiota.

Recently, studies on the complexity of the micro-
biome have made significant progress, especially
thanks to high-throughput DNA sequencing technolo-
gies. These powerful techniques enabled the identifi-
cation of the non-culturable bacteria in the

gastrointestinal tract (Suchodolski et al. 2008). The
sequences obtained can be analysed using a variety of
data techniques to describe microbial composition
and diversity and to determine how bacterial popula-
tions may change in response to various factors. To
date, most of these techniques have been better
suited to study individual taxa and highlight one prop-
erty per time (Barber�an et al. 2012). Thus, one of the
big questions related to generating large datasets of
sequences is, for example, how these microbial com-
munities are organised. Deciphering these microbial
interactions has become one of the main goals of
most researchers, as it could lead to the detection of
key bacteria for health and disease (B€aumler and
Sperandio 2016; Schirmer et al. 2016; Eickhoff and
Bassler 2018). The construction of co-occurrence net-
works based on correlations is one of the preferred
methods to study these microbial interactions.
Accordingly, the microorganisms are connected with
an edge and the bacteria that are strongly correlated
can be grouped into groups called modules.
Combining taxa into modules can be useful to fully
understand reciprocal relationships, such as cross-feed-
ing or shared ecological niches (Lozupone et al.
2012a; Ban et al. 2015).

Here we present a network analysis for bacterial
species in 340 faecal samples from 132 healthy dogs.
This study is an evolution of a previously published
work (Scarsella et al. 2020b) and presents unprece-
dented interpretations. The aim is to analyse co-occur-
rence patterns of microorganisms in dogs depending
on their diet and sex. The proposed method is useful
to study the gut microbiome of healthy dogs and to
better highlight the interactions between bacteria and
between bacteria and host. In particular, this study
has provided the basis for understanding how the
intestinal community of bacteria is interconnected and
functions as a function of diet composition and sex.

Materials and methods

Sample population

The dataset is composed of individual records of dogs
obtained from 8 dietary intervention studies (DIS) con-
ducted in the past 5 years, for a total of 340 samples.
All the dogs were recruited with the same inclusion
criteria, which consisted of health conditions, as ascer-
tained by a clinical examination, freedom from exter-
nal and internal parasites, no pharmacological
treatments for at least 3months. A summary of the
studies is reported in the S1 Table. Briefly, dogs were
recruited from the different living environments for
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every DIS and they were undergone through diet
modulation. The description of the different DIS and
the collection and analytical procedures was already
reported (Scarsella et al. 2020b). The factors consid-
ered for this study were diet and sex, which were
already discussed in this research. Briefly, the diets
considered in this database were four, called commer-
cial extruded complete diet (KIBBLE), commercial moist
complete diet (MOIST), home-made diet (HOME) and a
raw meat diet with the addition of complementary
food, called BASETM (BASE) (www.nutrigenefood.com).
Moreover, dogs were grouped based on their sex, in
males (M), castrated males (MC), females (F) and
spayed females (FC). All protocols, procedures, and
care of the animals complied with the Italian legisla-
tion on animal care and were approved by the ethical
committee of the University of Udine (OBPA, Prot. N.
2/2017, Prot. N. 7/2019, Prot. N. 3/2020).

Faecal DNA extraction, sequencing and
bioinformatic analysis

The entire procedure, starting from the microbial DNA
extraction method and ending with taxonomic anno-
tation with bioinformatic analysis, was standardised
and utilised for all the samples. The protocols used
from the DNA extraction to MiSeq sequencing
(Illumina; San Diego, CA, USA) are described in the
previous research from Scarsella et al. (2020a).

The resulting raw sequences (FASTQ) were proc-
essed using the bioinformatic tool called Quantitative
Insights Into Microbial Ecology 2 (QIIME2) (Bolyen
et al. 2019). After demultiplexing, sequenced reads
that passed the quality check (Phred score �30) were
annotated for 16S rRNA against the green genes data-
base. Chimaeras were also detected and then filtered
from the reads and the remaining sequences were
clustered into Amplicon Sequence Variants (ASVs) by
using an open reference approach in QIIME 2.
Sequences can be found in NCBI, and uploaded to
Sequence Read Archive (Supplementary Table 1).

We used Sparse Cooccurrence Network
Investigation for Compositional data (SCNIC) (Shaffer
et al. 2020) in QIIME2 (q2-SCNIC) to perform the net-
work analysis. The correlation network was built using
the Sparse Correlations for Compositional data
(SparCC) algorithm; the network was built using edges
with the default correlation coefficient of at least 0.35
using SparCC method (Friedman and Alm 2012), and
the network was visualised by Cytoscape.

Computation and statistical analysis

Annotated ASVs were imputed on a spreadsheet
together with age, sex, breed and the number of the
study to allow and facilitate further statistical analysis.
The annotates sequences from each sample and each
taxonomic level was normalised to ‰ abundance pro-
files, already known as Relative Abundance (RA). Taxa
were attributed to the corresponding module, found
with SCNIC. To confirm the results of the SparCC cor-
relation analysis regarding taxa belonging to the same
module and groups of diets and sex, a non-parametric
Kruskal-Wallis test was applied at the genus level, with
Bonferroni correction for multiple comparisons. A
p-value < 0.05 was considered statistically significant
(Addinsoft 2020). ASVs and modules that differed in
terms of diet and sex were also identified using
Analysis of Composition of Microbiomes (ANCOM)
(Mandal et al. 2015).

Results

Microbial Co-Abundance network modules

Before the building of the microbial network and the dif-
ferentiation of the taxa based on environmental and
genetic factors such as diet and sex, the gut microbiome
has been analysed through the SparCC algorithm, to
find an existing correlation between bacteria. Afterwards,
a graphic network has been constructed with only taxa
that have an R-value below 0.35, and modules were cre-
ated from the aggregation of bacteria based on the net-
work analysis. This threshold has been chosen based on
results from a comparative analysis of Shaffer et al.
(2020). Eighteen modules were detected, with a total
bacterial taxa number of 55 (Supplementary Table 2).
Module 0 contains 8 taxa, 4 belonging to the phylum
Firmicutes, 2 bacteria from the Bacteroidetes phylum,
one belonging to the phylum Proteobacteria and the
last one from Fusobacteria. Module 1 has 5 taxa, all of
them belonging to the Firmicutes phylum. These two
modules are the largest in terms of taxa number.

Taxa and modules associated to diet

Microbial composition analysis (ANCOM) was performed
to study the effect of factor Diet on the gut micro-
biome network. Fifty taxa were found significant to
Diet, and they are shown in Figure 1. 28 bacteria out of
50 were aggregated into modules through SCNIC ana-
lysis. Of the 18 modules obtained from the correlation
analysis, 11 were found statistically significant for the
factor Diet. From a graphic appraisal of the network
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(Figure 2), taxa belonging to modules 5, 18, 7, 8 and 11
were grouped, moreover, clusters were possible to be
observed also for bacteria belonging to modules 10, 6
and 15, and for bacteria belonging to modules 9, 12
and 3. The list of bacteria belonging to the significant
modules related to the Diet factor is summarised in
Table 1. Regarding the first group of modules, most
bacteria were part of the phylum Bacteroidetes,
although in module 18 there were bacteria belonging
to the Order of Clostridiales (phylum Firmicutes), and in
module 7 present Sporobacter termitidis (phylum
Firmicutes). In the second group, in modules 6 and 15
there were bacteria of the phylum Firmicutes, whilst
taxa in module 10 belonged to the phylum
Actinobacteria. The last group of modules showed only
taxa belonging to phylum Firmicutes.

The relative abundances of each of the significant
modules for Diet factors were analysed with a non-
parametric Kruskal-Wallis test, in order to verify the
difference between the categories analysed. Modules
5 and 9 contained bacteria with higher significative
RAs in the BASE diet than the other three diets.
Modules 18 and 11 showed higher RAs in the MOIST
diet whilst modules 8 and 6 were significantly higher
in the KIBBLE diet than in the other classes.
Interestingly, RAs in module 3 was almost at the same
level in the BASE, HOME and MOIST diets, and were
significantly higher than in the KIBBLE diet (Table 2).

Taxa and modules associated to sex

ANCOM was also performed to study the effect of the
factor Sex on the gut microbiome network. 43 taxa

were found significant for the factor Sex (Figure 3).
Twenty-five bacteria of these 43 belonged to modules
found through SCNIC network analysis. 9 out of 18
modules discriminated the microbiome for the factor
Sex. Figure 4 shows the network with the taxa high-
lighted that belonged to the modules significant for
Sex. As in the case of Diet, modules 5, 7 and 11 were
close together. Also, the taxa belonging to the remain-
ing significant modules appeared to be close, but it
was still possible to distinguish a group of bacteria
from modules 1, 15, 6 and 10, and a second group
with bacteria from modules 14 and 2. Taxa from sig-
nificant modules for the factor Sex are summarised in
Table 3. In the first group, there were almost all taxa
belonging to the Bacteroidetes phylum, apart from
module 7, where Sporobacter termitidis (Firmicutes
phylum) was also present. In the second group, all
bacteria belonged to the Firmicutes phylum, while in
the last group there were taxa belonging to
Firmicutes in module 14, while in module 2 there was
the genus Pseudoramibacteri_Eubacterium (Firmicutes
phylum), Bifidobacterium breve (Actinobacteria phylum)
and S24-7 family (Bacteroidetes phylum).

The RAs of the modules were subjected to a non-
parametric Kruskal-Wallis test, to verify the significance
of the factor Sex. The modules belonging to the first
group contained taxa with significantly higher abun-
dances in the entire female category, compared to
entire male dogs and the remaining neutered dogs.
The second group of modules appeared to have
higher relative abundances in castrated subjects, both
male and female, compared to entire male and
female dogs.

Figure 1. Volcano plot of the significative taxa and modules on factor Diet after the ANCOM analysis.
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Discussion

Network analysis could contribute to a better under-
standing of the canine gut microbiome by providing

an integrative view of gut microbial ecology based on
microbial modules. To the best of our knowledge, this
is the first network analysis approach that has been
applied to the canine gut microbiome.

Figure 2. A graphic view of the gut microbiome network resulted from SCNIC analysis; highlighted with different colours are bac-
teria from significative modules for factor Diet after ANCOM analysis.

Table 1. Taxa belonging to modules significative to factor Diet at the ANCOM analysis.
Colour Module n. Taxa

Light blue Module 3 Clostridium baratii; g_Clostridium
Orange Module 5 g_Bacteroides; o_Bacteroidales; g_Barnesiella
Blue Module 6 Eubacterium biforme; Catenibacterium mitsuokai; g_Ruminococcus
Pink Module 7 Macellibacteroides fermentans; Sporobacter termitidis; o_Bacteroidales
Green Module 8 Bacteroides plebeius; Prevotella copri
Magenta Module 9 Lacticigenium naphtae; Leuconostoc fallax; Lactobacillus paraplantarum
Red Module 10 g_Collinsella; g_Slackia
Light green Module 11 g_Odoribacter; Barnesiella intestinihominis
Dark green Module 12 Lactobacillus hamsteri; f_Lactobacillaceae
Yellow Module 15 Clostridium saccharogumia; f_Erysipelotrichaeae, g_Clostridium
Ocher Module 18 o_Clostridiales

ITALIAN JOURNAL OF ANIMAL SCIENCE 1469



As noted in other studies, analysis of co-occurring
microorganisms along with correlation network ana-
lysis allows for the summary visualisation of much
information (Chaffron et al. 2010). This method has
been successfully applied to distinguish the links
between marine microorganisms and their environ-
ment (Ruan et al. 2006). For this study, most of the
bacteria that make up the gut microbiome of dogs
were grouped into modules. The graphic representa-
tion of the network shows that significant modules in
the categories of diet and sex were tightly grouped
based on the degree of significance with each cat-
egory of diet and sex. These structural features allow
for easy comparison between gut microbiomes
derived from a complex dataset to demonstrate how
environmental and genetic factors such as diet and
gender can influence microbial community compos-
ition and function.

Only positive associations are calculated with the
SCNIC bioinformatics tool, which uses the SparCC
algorithm. It may seem unnatural at first glance, but
these results are logical when research focuses on the
gut microbiome. In the anoxic environment of the
gut, microbial energy production is limited, so positive
associations, such as cross-feeding, would make
energy production and utilisation more efficient
(Pacheco et al. 2019). In addition, positive microbial
associations mitigate potential stresses on the ecosys-
tem, further increasing the diversity of a healthy gut
microbiome (Stachowicz 2001; Lozupone et al. 2012b).
Moreover, it has been demonstrated that predator-
prey interactions decrease co-occurrence network per-
formance. This is due mainly to the existing limitations
related to the observed species abundances, which
should be considered as cross-sectional data rather
than longitudinal data since the time resolutions study

Table 2. Results of the Kruskal-Wallis non parametric test applied to the sum of RAs of the taxa belonging to significative mod-
ules to factor Diet after ANCOM analysis.

Base Home Kibble Moist
Sig of

Mean SD Mean SD Mean SD Mean SD p-value

Module 15 2.2a 5.3 14.9c 12.1 8.4b 12.0 5.6a 13.2 <0.0001
Module 10 2.3a 4.4 7.5c 5.1 2.1a 2.7 4.3b 5.1 <0.0001
Module 9 3.1b 5.3 0.1a 0.2 0.2a 2.6 0.3a 2.7 <0.0001
Module 8 22.0ab 23.4 15.5a 24.1 52.8b 69.7 19.2a 37.7 <0.0001
Module 3 90.1b 87.2 72.2b 95.9 13.2a 40.8 92.7b 71.5 <0.0001
Module 6 10.8a 22.4 27.9bc 30.4 50.8c 67.6 21.9b 27.2 <0.0001
Module 5 18.0b 20.3 2.9a 5.1 5.0a 9.1 8.6b 9.0 <0.0001
Module 7 3.2bc 5.7 0.5a 1.5 2.9b 6.7 5.3c 7.5 <0.0001
Module 11 0.4a 0.9 0.1a 0.5 0.3a 1.0 1.2b 1.7 <0.0001
Module 12 5.1 16.5 3.1 8.5 23.9 57.4 1.1 3.3 N.S.
Module 18 1.9a 3.1 3.4ab 5.6 6.1b 7.9 11.2c 11.3 <0.0001
a,b,c ¼ on the same row denotes differences between means for p-value < 0.05. N.S. ¼ not significative

Figure 3. Volcano plot of the significative taxa and modules on factor Sex after the ANCOM analysis.
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are still low. The detection of predator-prey interac-
tions is more difficult than the detection of other
types of interactions (Hirano and Takemoto 2019). In
the end, another reason to explain why we choose to
calculate only positive associations is that identifying
clusters within a biological network, which can be
called modules as well, is a key issue in network biol-
ogy, that will likely grow in the future. These clusters
could be, for example, groups of co-existing or
coevolving microbes contributing toward a disease
(Layeghifard et al. 2017).

After network analysis with SCNIC, 18 modules
were found, of which 11 were significant for the factor
Diet. For the factor sex, 9 of 18 modules were signifi-
cant. Diet is known to alter microbial population com-
position and activity (Sandri et al. 2020; Scarsella et al.
2020a) through the introduction of new bacteria, pro-
vision of nutrients, selection for enrichment or

depletion of certain taxa through nutrient excess or
starvation, and finally through shifts in the expression
profiles of some bacteria (David et al. 2014). These
studies have shown that diet has a greater influence
on the microbiome than host genotype, but it is not
clear whether the differences in the microbiome are
due to the influence of diet on the subjects or to the
influence that some bacteria exert on other bacteria
and on the host itself. Other studies have shown the
major influence of existing bacterial interactions on
the composition of the gut microbiome. Network ana-
lysis is relatively new and a limited number of studies
involve animals and none involve dogs. However, the
principles of co-occurrence can be applied to other
environments. In a study by Mandakovic et al. (2018),
the authors focussed on comparing two microbial co-
occurrence networks representing soil bacterial com-
munities from two different sections of a pH,

Figure 4. A graphic view of the gut microbiome network resulted from SCNIC analysis; highlighted with different colours are bac-
teria from significative modules for factor Sex after ANCOM analysis.
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temperature, and moisture gradient running along a
western slope of the Andes in the Atacama Desert.
They found that despite the large physicochemical
and nutritional differences affecting bacterial commu-
nity structure along the slope, both patterns of associ-
ation of the network were quite consistent. They
slightly modified the traditional notion of community
resilience by suggesting that relationships among
OTUs can also be resilient. In another paper, the
authors analysed the co-occurrence of bacteria in
either Ixodes ricinus ticks or the spleen of one of their
primary hosts, the vole Myodes glareolus. To assess the
effects of habitat on the ecological communities of
bacteria associated with ticks and voles, two different
biotopes were included in the study. The authors dis-
covered that the networks exhibited a structure called
a "small world." This was a scale-free property that
strongly correlated with the robustness of the net-
work. Thus, the networks that emerged from the study
were quite resilient, meaning that the deletion of one
node did not significantly affect the connectivity of
the other nodes. This observation suggests the
absence of trophic dependence or competition
between co-occurring taxa (Estrada-Pe~na et al. 2018).
From studies on bacterial dynamics, microorganisms
related to bacteria already present in the gut are
more readily accepted and included in the microbial
community. This is the so-called phylogenetic

under-dispersion (nepotism) hypothesis (Loftus et al.
2021). All these observations are consistent with the
results reported in this study. Indeed, the bacteria that
make up the gut microbiome form interactions that
are characteristic of macro groups of healthy subjects.
These interactions are dependent on and simultan-
eously influence subjects categorised by environmen-
tal and genetic factors such as diet and sex.

Several studies have shown that the composition of
the gut microbiome varies widely between subjects
(Forster et al. 2018; Cintio et al. 2020; Sandri et al.
2020). It is likely that each dog has a unique faecal
microbiome that responds to even slight changes in
diet. Cintio et al. (2020) found that the gut micro-
biome varies in arthritic dogs, although there is great
intervariability between dogs. They suggested that dif-
ferent bacterial strains might contribute in their own
way to alter the inflammatory status of the subjects.
Thus, it was not possible to attribute a role in arthritic
disease to each taxa that make up the microbiome,
but the hypothesis is that variation in the overall com-
position of the gut microbiome could reshape the
entire physiology of the host.

The most informative modules related to factor
Diet were module 3, module 9, and module 15. All
bacteria included in these modules belong to the
Firmicutes phylum. Firmicutes are thought to play a
role in modulating the immune system (Ling et al.

Table 3. Taxa belonging to modules significative to factor Sex at the ANCOM analysis.
Colour Module n. Taxa

Orange Module 5 g_Bacteroides; o_Bacteroidales; g_Barnesiella
Blue Module 6 Eubacterium biforme; Catenibacterium mitsuokai; g_Ruminococcus
Pink Module 7 Macellibacteroides fermentans; Sporobacter termitidis; o_Bacteroidales
Red Module 10 g_Collinsella; g_Slackia
Light Green Module 11 g_Odoribacter; Barnesiella intestinihominis
Lilac Module 1 Lactonifactor longoviformis; Dorea longicatena; f_Lachnospiraceae; f_Peptostreptococcaceae; Ruminococcus lactaris
Yellow Module 15 Clostridium saccharogumia; f_Erysipelotrichaeae, g_Clostridium
Salmon Module 2 Bifidobacterium breve; g_Pseudoramibacter_Eubacterium; f_S24-7
Violet Module 14 g_Peptostreptococcus; g_Allobaculum

Table 4. Results of the Kruskal-Wallis non-parametric test applied to the sum of RAs of the taxa belonging to significative mod-
ules to factor Sex after ANCOM analysis.

F FC M MC
Sig of

Mean SD Mean SD Mean SD Mean SD p-value

Module 15 5.9a 11.0 9.3bc 12.2 8.7ab 16.7 8.6c 8.0 < 0.0001
Module 10 2.8a 4.2 4.9b 4.9 2.4a 3.6 4.3b 4.5 < 0.0001
Module 6 20.5a 27.0 37.9bc 32.7 34.2ab 80.7 58.9c 53.1 < 0.0001
Module 5 11.4c 12.7 5.2ab 10.3 6.1b 11.2 3.3a 10.1 < 0.0001
Module 7 5.9c 8.6 0.3ab 0.6 2.5b 4.4 0.5a 2.4 < 0.0001
Module 11 1.0c 1.7 0.1ab 0.5 0.4b 0.8 0.0a 0.0 < 0.0001
Module 1 282.0a 126.7 455.9bc 145.8 372.4b 191.3 503.0c 153.1 < 0.0001
Module 2 5.7b 14.1 0.2a 0.9 2.3a 8.5 1.3a 6.3 < 0.0001
Module 14 0.6b 2.3 0.0a 0.0 0.4b 2.2 0.0a 0.0 0.005

F¼whole female subjects; FC¼ spayed females subjects; M¼whole male subjects; MC¼ neutered male subjects.
a,b,c ¼ on the same row denotes differences between means for p-value < 0.05. N.S. ¼ not significative
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2014). In addition, obesity was shown to be associated
with an increase in Firmicutes and a decrease in
Bacteroidetes in humans and mice (Turnbaugh et al.
2006; Bruni et al. 2020). Module 3 consists only of
Firmicutes bacteria, particularly taxa of the genus
Clostridium, both from the families Clostridiceae and
Peptostreptococcaceae, and Clostridium baratii. This
module has shown that the sum of RAs of the bacteria
belonging to it is significantly higher in all diets that
have a "wet" form, i.e. BASE, HOME and commercial wet
diets. This evidence would confirm that the presence of
raw meat and the physical form of these diets have a
similar influence on shaping the gut microbiome
(Scarsella et al. 2020b). The increase in Clostridium in
dogs fed the diets BASE and HOME is consistent with
another study in which these taxa decreased in dogs
fed a commercial extruded diet compared to dogs fed a
raw meat diet (Bermingham et al. 2017).

Very little information is available on the variation of
the gut microbiome as a function of sex in dogs. In
mice, the gut microbiota of males and females differs
after puberty. The mechanism of sex-specific influence
remains unclear, but there appears to be a bidirectional
interaction between the microbiota and host endocrine
status, in part because differences in microbial compos-
ition between males and females are reversed by male
castration (Markle et al. 2013). Module 1 appeared to
be the most significant for the sex factor in the
ANCOM analysis. All bacteria in this module belong to
the Firmicutes strain and the sum of RAs showed a
higher significant value for the castrated male and
female categories than for the entire male and female
subjects. This is consistent with the results of the previ-
ous study (Scarsella et al. 2020b). Also included in this
module are Dorea longicatena and Ruminococcus lacta-
ris. The genera of these two taxa were found to dis-
criminate against whole subjects compared to castrated
subjects in the Scarsella et al. (2020b) study.

The clustering of bacteria in these modules could
be indicative of factors affecting the healthy gut
microbiome of dogs. However, we found modules that
were not significant for either the diet factor or the
sex factor. The latter can be explained by the presence
of taxa that are more resistant to change, as observed
in humans by Loftus et al. (2021). The authors suggest
that these taxa have specific compound requirements
for their metabolism and then compete or cooperate
with the other bacteria.

Conclusion

This study has helped to better understand the ecol-
ogy of the canine gut microbiome in the context of

environmental and genetic factors such as diet and
sex and paves the way for the definition of entero-
types in dogs, a concept already used in humans.
With these results, individuals could be clustered
based on the abundance of gut microbial taxa. In add-
ition, taxa belonging to modules could help under-
stand how to modulate diets and therapies to treat
enteropathies or gut-related pathologies associated
with host dysbiosis. Understanding the microbiota
from an ecological perspective could shed light on
how to promote host health by targeting this micro-
bial community in clinical treatments. Once we under-
stand the desired composition and functional state of
the gut microbiota, we can determine which features,
when disrupted, are associated with the disease.
However, the complexity of the microbiota and the
variability within and between subjects make it diffi-
cult to define a "desired" state for a population
and, consequently, for an individual. Further studies
are needed to reveal new associations between
bacteria and other factors that may influence the
gut microbiome.
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