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1. INTRODUCTION

The gastrointestinal (GI) tract comprises a coordinated
system of organs that enables digestion and nutrient uptake
while maintaining constant interactions with resident
microbial communities. Extending from the mouth to the
anus, it comprises multiple anatomically and functionally
specialized compartments that collectively process dietary
inputs and eliminate waste. In microbiome research, the
term “gut” is commonly used to refer to the lower
gastrointestinal tract, particularly the intestinal segments
that harbor dense and diverse microbial communities
comprising trillions of microorganisms, which play

important roles in host health and disease'.

The term gut microbiota describes the collection of
microorganisms residing in the gastrointestinal tract,
including bacteria, archaea, fungi, and protists, whereas
the gut microbiome additionally incorporates associated
viruses, phages, plasmids, and other mobile genetic
elements>’. Furthermore, the collective genomes and
genes of all members of microbiome are defined as the

metagenome?”. The gut microbiome has been proposed as



a functional ‘new organ’ essential for host survival®,
exerting its effects through the production of diverse
metabolites that influence intestinal health and multiple
extra-intestinal organs®. In dogs, the gut microbiome has
also been associated with key functional traits, influencing
olfactory performance as well as behavioral and working
outcomes, including motivation, aggression, and

sociability®”.

A well-functioning gut microbiome consists of a stable yet
adaptable microbial community that interacts closely with
the host, and the maintenance of this equilibrium is
strongly linked to both health and disease. The healthy dog
gut microbiome is dominated by major bacterial phyla,
including  Firmicutes, Bacteroidetes, Fusobacteria,
Proteobacteria, and Actinobacteria®. Dysbiosis describes
a state in which the normal equilibrium of the gut
microbial community is disturbed, involving shifts in
microbial composition, diversity, functional potential, and
metabolite profiles; in canine, such imbalances have
previously been quantitatively assessed using the canine

microbiota dysbiosis index (CMDI)!. In dogs, dysbiotic



alterations have been associated with diarrheal and
irritable bowel-type disorders, obesity, congestive heart
failure, chronic kidney disease, gastric dilatation—
volvulus, behavioral disorders, infectious diseases, and

Crohn’s disease!! 10217,

Because of these broad physiological roles, the gut
microbiome has become an important subject of
investigation in both human and animal models. Domestic
dogs (Canis lupus familiaris) represent a valuable
comparative and translational model in microbiome
research, as they share key physiological traits, dietary
responses, and environmental exposures with humans'®.
Furthermore, comparative analyses have shown that the
canine gut microbiome more closely resembles the human
microbiome than those of commonly used laboratory
models, such as pigs or mice, particularly with respect to
gene content and responses to diet'. In our study, we

examined fecal samples from the Hungarian Pumi breed.

The canine gut microbiome is influenced by multiple
interacting intrinsic factors, including age, physiological

state, pathology, and host genetics, as well as extrinsic



factors such as diet, environmental exposure, and
medication use, all of which contribute to microbial
community development and host health. However,
despite increasing research interest, the relative
contributions and interactions of these determinants
remain incompletely understood in dogs, particularly from
longitudinal perspectives spanning early life to adulthood.
In addition, the effects of delivery mode, reproductive
stage, and dietary variation on microbiome dynamics
remain insufficiently characterized, especially at species-

level resolution.

Understanding these complex host-microbe interactions
requires analytical approaches capable of accurately
resolving microbial community composition. Early
microbiome studies primarily employed short-read
sequencing platforms, such as Illumina, which typically
target specific hypervariable regions of the 16S rRNA
gene (e.g., V1-V2 or V3-V4). However, partial 16S rRNA
gene sequences frequently lack sufficient phylogenetic
signal to reliably distinguish closely related species—and,

in some cases, ecologically distinct lineages—within the



same genus, thereby limiting taxonomic resolution and
biological interpretation®’??, Large-scale benchmarking
and in silico analyses have demonstrated that short-read
sequencing of individual 16S rRNA variable regions is
inherently limited in its ability to capture the species and
strain-level diversity that can potentially be achieved
through sequencing of the complete ~1.5 kb 16S rRNA

gene”,

Within this evolving scientific landscape, longitudinal
high-resolution microbiome profiling provides a robust
framework for characterizing gut microbiome dynamics
over time. In the present thesis, this framework is
implemented using full-length 16S rRNA gene sequencing
on Oxford Nanopore Technologies (ONT) platform to
enable species-level resolution across multiple biological
and environmental dimensions. The conceptual and
methodological developments outlined above form the
foundation of the present thesis, which examines canine
gut microbiome dynamics in relation to age, diet, birth

mode, and reproductive status.



2. AIMS AND OBJECTIVES

The overall aim of this study was to investigate
longitudinal gut microbial community dynamics in
purebred Hungarian Pumi dogs using full-length 16S
rRNA gene sequencing and to quantify the relative
contribution of major host- and environment-related

determinants to microbial community assembly.
The specific objectives were as follows:

1) To characterize age-associated maturation of the
gut microbiome from birth through adulthood,
including diversity dynamics and taxonomic
succession.

2) To identify developmental ecological breakpoints,
particularly during the weaning transition and
associated dietary shifts.

3) To quantify and compare the influence of age, diet,
kennel environment, litter, and host sex on
microbiome diversity and composition.

4) To define and compare the species-level core
microbiome across developmental stages.



5) To assess age-related remodeling of microbial co-
occurrence network structure.

6) To determine the impact of delivery mode
(cesarean section versus vaginal birth) on early
postnatal microbiome composition.

7) To characterize reproductive stage—associated
variation in the maternal gut microbiome across
pregnancy and lactation.

3. MATERIALS AND METHODS

The primary study population comprised 84 healthy
purebred Hungarian Pumi dogs obtained from six
dedicated breeding kennels in Hungary, each housing
exclusively this breed. The cohort included 55 puppies
originating from 12 vaginally delivered litters, their dams
(n =9), and an additional 20 adult male and female dogs
serving as adult control animals. Puppies were monitored
longitudinally from birth until 81 weeks of age. Neonatal
puppies were initially housed indoors in cradles, whereas
growing puppies were raised in mixed indoor—garden
environments. Adult dogs were maintained in comparable

house—garden settings, resulting in broadly similar



environmental conditions across kennels. The mean age of
dams was 4.3 £ 1.6 years (mean + SD), while adult control

dogs had a mean age of 5.9 + 3.6 years (mean = SD).

A separate subgroup consisting of five puppies (10
samples in total; two samples from each puppy) delivered
by cesarean section from a single litter in the Le Petit
Lapin kennel was also included. These puppies were born
to the same dam that had previously produced vaginally
delivered offspring those included in the main cohort. This
subgroup was analyzed independently and was not

included in the primary cohort.

Puppies were exclusively breastfed until approximately 8
weeks of age, with solid food introduced at around 3.5
weeks alongside continued nursing. All dogs were
primarily fed commercial dry diets; however, a subset of
adult dogs from one kennel (Duna-menti Dumas) received
a raw BARF diet. Diet categorization and nutritional
composition followed the 2024 FEDIAF guidelines®*. No
dogs included in this study received antibiotic treatment
within six months prior to their first sampling point or

during the sampling period.



Stool samples from the primary cohort were collected
longitudinally from dams during gestation, lactation, and
post-lactation periods; from their offspring from birth
through adulthood (up to 81 weeks of age); and from adult
dogs included as control animals. Samples from the
cesarean-section subgroup, consisting of five puppies,
were available only for the 8—10-week age group, yielding
a total of 10 samples (two samples per puppy). In total,
463 samples were collected and sequenced, and the
sequencing data were deposited in the ENA repository
under BioProject accession PRJEB82125. Of these, 446
samples from the main cohort and all 10 samples from the
cesarean-section subgroup were retained for the final

analyses presented in this study.

Genomic DNA (gDNA) was isolated from fecal samples
using the ZymoBIOMICS™ 96 MagBead DNA Kit Dx
(Zymo Research; Cat. No. D4308-E) in accordance with
the manufacturer’s guidelines. All extraction procedures
were performed under sterile conditions in a Class II
biosafety cabinet. Full-length 16S rRNA gene libraries

spanning the V1-V9 regions were generated from high-


https://www.ebi.ac.uk/ena/browser/view/PRJEB82125

quality genomic DNA (DIN > 6) using the Oxford
Nanopore Technologies Rapid Sequencing Amplicons—
16S Barcoding Kit (SQK-16S024), incorporating AMPure
XP bead-based cleanup, in accordance with the

manufacturer’s instructions.

Libraries were pooled in equimolar amounts and
sequenced on an Oxford Nanopore MinlON device using
R9 flow cells (25 flow cells in total). Raw sequencing data
were basecalled using Dorado v0.8.0 in super-accurate

mode with a quality Q>10 before downstream processing.

EMU v3.4.5 was used to generate read-count tables per
taxon and calculate relative abundances following the

2526 Taxon-level read

workflow described previously
count tables generated by EMU served as input for
downstream analyses. Diversity metrics were computed
using phyloseq?’ v3.2 in R v4.2 based on unfiltered count
data. Taxa were filtered and retained if they exceeded 5%
relative abundance and were present in at least five
samples. Compositional differential abundance testing

across age groups, diet categories, kennels, reproductive

states, and delivery modes was conducted using ANCOM-



BC (ancombc R package) on the filtered count tables. The
adjusted P-values (P.adj) reported in Results correspond to
ANCOM-BC outputs.

To assess the effects of age, sex, kennel, kennel-by-litter,
and major diet categories, mixed-effects models were
fitted using the Ime4 package. age was modeled both
categorically and with splines to account for diet-age

confounding.

A taxonomic tree of the top 350 taxa was illustrated using
iTOL?8. Genus-level hierarchical clustering and heatmaps
were generated with ComplexHeatmap®’. Microbial co-
occurrence networks were constructed using SparCC
(SpiecEasi) and visualized with igraph and Cytoscape®”.
Comparative statistics (Wilcoxon rank-sum, Student’s #-
test, Mann—Whitney U-test) were performed as indicated
in the figure legends, with P < 0.05 considered statistically

significant unless otherwise stated.

Core microbiome sets were defined at the species level
based on prevalence thresholds within each age group. A

stringent cutoff (>90% prevalence) was applied for the



heatmap and Jaccard similarity analyses, whereas a more
inclusive threshold (>80% prevalence) was used for the
UpSet plot to capture broader shared community
members, following commonly adopted practices in
microbiome research®'. Heatmaps and Jaccard similarity
indices were calculated from prevalence tables and
overlaps among core microbial sets were visualized using
an UpSet plot. All visualizations were conducted in Python
(v.3.12.3) using the pandas, numpy, and matplotlib
libraries, with the UpSet representation generated through

custom plotting code implemented in matplotlib.

4. RESULTS

This study generated a total of 121.30 million high-quality
reads (Q > 10). The mean sequencing yield per sample was
266,017.09 + 127,742.50 reads (mean = SD). Reads had
an average length of 1,521.81 + 50.07 bp and a mean Q-
score of 20.40 + 1.05. In total, approximately 185.01 GB
of raw sequencing data were produced, providing
sufficient sequencing depth and read length for reliable

species-level taxonomic resolution.



Across the longitudinal cohort dataset, the findings
emerged age as the dominant driver of gut community
maturation, with a clear transition from early-life
microbial profiles toward a more stable, adult-like
composition over time. Shannon alpha diversity,
increased rapidly during early life, with a marked rise
observed during the weaning period (approximately 3.5—6
weeks of age). This increase was followed by a gradual
tapering, with diversity values reaching an apparent
plateau by around six months of age. This developmental
trajectory was consistent across kennels and age strata,
suggesting that the maturation pattern is robust to
differences in housing environment and kennel-specific
management practices. No significant association was

detected for host sex on Shannon diversity.

Mixed-effects modeling demonstrated robust associations
between specific taxa and age, diet, and kennel
environment. SparCC-inferred co-occurrence networks
indicated progressive increases in ecological complexity

and modular organization with maturation.



A species-level core microbiome comprising 13 taxa was
consistently detected across all age groups, although their
relative abundances varied systematically with age and
were largely dominated by short-chain fatty acid—
associated Clostridia and the bile acid—transforming
species  Peptacetobacter  hiranonis. Similarity and
intersection analyses further indicated progressive age-
related restructuring of the core microbiome, identifying
the weaning period as a major ecological transition
followed by increasing stabilization of an adult-like

community in later life stages.

A dedicated comparison of delivery mode (cesarean versus
vaginal birth) revealed measurable compositional
differences in 8—10 week age window, whereas Shannon
alpha diversity did not differ significantly. At the
taxonomic level, cesarean-delivered puppies exhibited
significantly higher relative abundances of Lactobacillus
(Padj=0.008) and Prevotella (P.adj = 0.038), and a lower
relative abundance of Romboutsia (P.adj = 0.045)
compared to vaginally delivered litter . These findings

suggest that delivery mode may influence early gut



colonization patterns under otherwise controlled

environmental conditions.

The gut microbiota of dams exhibited stage-dependent
variation across pregnancy and lactation. Shannon alpha
diversity showed a transient reduction during late
pregnancy and early lactation, followed by partial
recovery after weaning. Despite close temporal proximity,
prepartum and postpartum samples displayed distinct
compositional profiles. The transition from prepartum to
postpartum was characterized by marked turnover among
the most abundant genera, including the disappearance of
Blautia and Fusobacterium and the emergence of
Clostridium  and  Streptococcus. These  findings
demonstrate dynamic microbiome shifts associated with
reproductive status. While the core microbiome
composition of dams changed significantly across
reproductive stages, these shifts were not associated with
specific kennels or diet categories and were not

consistently shared across individuals.

Together, these findings highlight age—and the dietary

transitions that accompany it—as the principal



determinants of canine gut microbiome assembly, with
delivery mode, and reproductive status acting as

secondary but biologically meaningful modifiers.

5. DISCUSSION

The present longitudinal, species-resolved profiling of
purebred Hungarian Pumi dogs indicates that gut
microbiome maturation is predominantly an age-
structured process, progressing from an early, variable
phase toward a more homogeneous adult community.
Alpha diversity increased markedly during early life,
particularly around the weaning transition, and plateaued
by approximately six months of age, while beta diversity
analyses demonstrated gradual age-graded convergence
toward an adult-like configuration. The consistency of
these trajectories across kennels and litters suggests that
age-associated developmental dynamics are largely robust

to kennel-level environmental heterogeneity.

Because age and diet are intrinsically intertwined during
early development, their independent contributions cannot

be fully disentangled; however, adult dietary practices



were largely stable, with BARF feeding confined to a
single kennel, thereby limiting diet-related confounding at
later stages. The weaning period emerges as a critical
developmental window characterized by rapid ecological
restructuring, progressive remodeling of microbial

association networks, and stabilization of core taxa.

Consistent with the statistical modeling results, age
emerged as the dominant determinant of alpha diversity,
whereas kennel effects were comparatively modest and
host sex showed no significant association. Differences
among litters within the same kennel were generally
modest. These findings suggest that, under typical
husbandry and dietary conditions, intrinsic developmental
programming and age-coupled dietary transitions exert a
stronger influence than contextual environmental variation
on microbiome assembly. From a methodological
perspective, these findings emphasize the importance of
longitudinal age matching and careful consideration of
weaning status in the design and interpretation of canine

microbiome studies.



In addition to age-related developmental dynamics,
delivery mode was associated with detectable genus-level
differences within the 8—10 week age window. Cesarean-
delivered puppies exhibited higher relative abundances of
Lactobacillus (P.adj = 0.008) and Prevotella (P.adj =
0.038) compared with vaginally delivered littermates,
despite no significant difference in Shannon diversity
between groups. This observation differs from findings in
human neonates regarding Prevotella and from numerous
studies documenting reduced Lactobacillus abundance in

cesarean-delivered infants®**’

, although it aligns with
more recent observations by Pahirah et al., who reported
higher Lactobacillus abundance in cesarean-born human
neonates®. These findings suggest that delivery mode—
associated genus-level differences are unlikely to be
uniform across species or developmental stages and may
be influenced by species-specific postnatal ecology,
including intensive dam—pup contact and coprophagic
behavior, as well as kennel environment, weaning
practices, and the later sampling window examined in this

study (8-10 weeks). Given that the cesarean cohort

comprised a single litter, the results should be interpreted



with caution and validated in larger, multicenter cohorts

with detailed documentation of perinatal management.

Beyond early-life colonization factors, stage-linked
variation was also observed in dams. Transient reductions
in alpha diversity during late pregnancy and early
lactation, accompanied by compositional turnover across
the pre- to postpartum transition, indicate that
reproductive  physiology contributes to temporal
modulation of the maternal gut microbiome. Although
these shifts were not consistently associated with kennel
or diet and were not uniformly shared across individuals,
they demonstrate that maternal microbial communities are
dynamically responsive to physiological state. Such
plasticity may represent an additional axis influencing
early-life microbial exposure in puppies, potentially
interacting  with  delivery mode and postnatal

environmental contact to shape neonatal gut colonization.

Methodologically, full-length 16S rRNA gene sequencing
provided species-level resolution within a dense
longitudinal framework, enabling fine-scale taxonomic

and association analyses while minimizing batch effects.



This work establishes a high-resolution developmental
framework for the canine gut microbiome and further
reinforces the suitability of dogs as a comparative model

for microbiome research.
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