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Abstract

Background Like its human counterpart, canine atopic dermatitis (CAD) is a chronic relapsing condition; thus,

most cAD-affected dogs will require lifelong treatment to maintain an acceptable quality of life. A potential inter-
vention is modulation of the composition of gut microbiota, and in fact, probiotic treatment has been proposed

and tried in human atopic dermatitis (AD) patients. Since dogs are currently receiving intensive medical care, this will
be the same option for dogs, while evidence of gut dysbiosis in cAD is still missing, although skin microbial profil-

ing in cAD has been conducted in several studies. Therefore, we conducted a comprehensive analysis of both gut
and skin microbiota in cAD in one specific cAD-predisposed breed, Shiba Inu. Additionally, we evaluated the impact
of commonly used medical management on cAD (Janus kinase; JAK inhibitor, oclacitinib) on the gut and skin micro-
biota. Furthermore, we genotyped the Shiba Inu dogs according to the mitochondrial DNA haplogroup and assessed
its association with the composition of the gut microbiota.

Results Staphylococcus was the most predominant bacterial genus observed in the skin; Escherichia/Shigella

and Clostridium sensu stricto were highly abundant in the gut of cAD-affected dogs. In the gut microbiota, Fusobac-
teria and Megamonas were highly abundant in healthy dogs but significantly reduced in cAD-affected dogs. The
abundance of these bacterial taxa was positively correlated with the effect of the treatment and state of the disease.
Oclacitinib treatment on cAD-affected dogs shifted the composition of microbiota towards that in healthy dogs,

and the latter brought it much closer to healthy microbiota, particularly in the gut. Additionally, even within the same
dog breed, the mtDNA haplogroup varied, and there was an association between the mtDNA haplogroup and micro-
bial composition in the gut and skin.

Conclusions Dysbiosis of both the skin and the gut was observed in cAD in Shiba Inu dogs. Our findings provide
a basis for the potential treatment of cAD by manipulating the gut microbiota as well as the skin microbiota.
Keywords Canine atopic dermatitis, Shiba Inu dogs, 16S rRNA, Skin and gut microbiota, Staphylococcus,
Fusobacterium, Megamonas, JAK inhibitor, Mitochondrial DNA, Mitochondrial haplogroup
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Background

Similar to humans, dogs suffer from spontaneously
occurring diseases, such as cancers, and age-associated
diseases [1-3]. Allergy is one such disease, and atopic
dermatitis (AD) is the most common chronic inflamma-
tory skin disorder both in humans and in dogs. In both
species, AD is a complex and heterogeneous disease that
is thought to be affected by multiple factors, such as host
genetics and environmental factors [4—6]. In dogs, canine
AD (cAD) exhibits similar clinical immunological char-
acteristics to those of human AD [7]. cAD has a strong
association with breed, although the breed predisposi-
tion varies among geographical locations [8], supporting
a complex interaction of gene and environmental factors.
Environmental factors, such as pH, temperature, hydra-
tion, hygiene practices, and food, play a pivotal role in
maintaining the homeostasis of the host-microbiome
[9], and changes in microbial composition, namely, dys-
biosis, are known to drive the pathology of complex dis-
eases [10]. In fact, dysbiosis of the skin microbiota has
been the most well described in human AD patients, pri-
marily defined as an overgrowth of Staphylococcus spp.
on the human AD skin [9, 11]. Similarly, several stud-
ies have profiled skin microbiota in cAD-affected dogs,
demonstrating skin dysbiosis in cAD [12-14]. Two of
these studies have demonstrated a predominance of the
genus Staphylococcus on the cAD dog skin compared to
the healthy dog skin, confirming culture-based analysis
of cAD skin that demonstrated the higher prevalence of
this bacterial genus in cAD-affected dogs compared to
healthy dogs [15].

Furthermore, a number of studies have demonstrated
that gut dysbiosis is accompanied in human AD patients
(reviewed in [16]). This is not surprising because both the
gut and skin are abundantly colonised by distinct micro-
bial communities, and these organs share a number of
important anatomical and physiological characteristics
[17]. In fact, although their relevance is underestimated
and the mechanism is often not fully understood, an
association between gut and skin manifestations has been
reported in other pathological conditions in patients
(reviewed in [17]). To date, the role of the gut micro-
biota has been described as an immune system regula-
tor by its production of bacterial metabolites. The most
well-known example is short-chain fatty acids (SCFAs),
including butyrate, propionate, and acetate, which have
anti-inflammatory and immunomodulatory functions in
other organs and the skin [18, 19]. As such, many studies
suggest that probiotic supplementation may be a poten-
tially effective treatment option for human AD; however,
further studies are needed [20]. This is considered to be
a similar situation for the clinical management of cAD.
While several studies of gut microbiota in cAD-affected
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dogs have recently been reported; a pilot study using a
limited number of Beagles [21] and one breeding colony
of Shiba Inu dogs [22], or a study of multiple dog breeds
[23], no studies dissecting both skin gut microbiota in
cAD-affected dogs are available to date.

This is the first study that describes a comprehensive
microbiome profile of both skin and faeces obtained from
cAD and healthy Shiba Inu dogs. This dog breed is highly
susceptible to cAD in Japan, as shown by a high num-
ber of cases in published studies of cAD in this region
[24-26]. More specifically, we analysed the microbiota
composition of 12 skin sites, which were evaluated for
clinical score (the fourth version of the Canine Atopic
Dermatitis Extent and Severity Index; CADESI-04), as
well as intestinal microbiota in faecal samples of healthy
and cAD Shiba Inu dogs. In addition, we were able to
evaluate the impact of Janus kinase (JAK) inhibitor oclas-
itinib (Apoquel®; Zoetis, Parsippany, NJ, USA) treatment,
which is commonly used for cAD treatment, on the gut
and skin microbiota of cAD-affected dogs. We focused
on one specific dog breed to minimise the potential influ-
ence of the host nuclear genome on the skin and intesti-
nal microbial community between samples. Meanwhile,
the impact of the mitochondrial DNA (mtDNA) has not
been evaluated in this dog breed, particularly in the con-
text of microbiota as well as pathological relevance. Since
our group and others have demonstrated that variations
in mtDNA are associated with the composition of micro-
biota in humans and rodents [27, 28], we sequenced the
whole mitochondrial genome of Shiba Inu dogs to evalu-
ate the potential association between mtDNA variants
and microbiota composition in cAD-affected dogs.

Methods

Sample subjects and sampling for microbiome analysis
and mitochondrial genome sequencing

In total, 40 dogs were recruited, of which 20 were healthy
dogs (Healthy). Shiba Inu dogs diagnosed with cAD at
Animal Medical Centre, Faculty of Agriculture, Tokyo
University of Agriculture and Technology and private
veterinary practices in Japan were recruited for this
study. All dogs with cAD fulfilled more than five of Fav-
rot’s diagnostic criteria, and other potential causes for
pruritis, such as ectoparasite infestations and bacterial or
fungal infections were excluded, according to a detailed
guideline [29]. CADESI-04 scores for the same case were
monitored by the same veterinary clinicians (TO and
YS). The Pruritis Visual Analog Scale (PVAS) was graded
by participating cAD-affected dog owners to assess the
severity of pruritic manifestation [30]. The clinical scores
(CADESI-04 and PVAS) of cAD-affected dogs are pre-
sented in Figure S1.
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Of the 20 cAD dogs, 10 dogs were newly diagnosed
with cAD without any previous medical treatments
(cADpre), and 10 were already diagnosed with cAD
before the study cohort recruitment and had been on
oclacitinib treatment (cADtreat; Figure S1a). The age and
sex of the recruited dogs are summarised in Table S1. The
ten dogs newly diagnosed with cAD (cADpre) were con-
sequently under oclacitinib treatment for 2 weeks after
the diagnosis. After the 2-week treatment, the dogs were
clinically re-evaluated and skin swab and faecal sam-
ples were obtained (cADpost). cADtreat dogs had been
on oclacitinib treatment for an average of 13.24 months
(standard deviation, s.d. + 8.458). Additionally, 20 healthy
Shiba Inu dogs were recruited upon their visits for annual
vaccination or general health checks. The dog groups
tested in this study is depicted in Figure Sla. Clinical his-
tory, housing environment, and dietary information were
collected and recorded (Supplementary Material S1).

Skin swab samples were obtained from the perilesional
area of 12 body sites, which are included in the CADESI-04
evaluation. More specifically, these included perilabial area
(lips), medial pinnae (concave pinnae), axilla, front paw
(dorsal and palmar sides combined), hind paw (dorsal and
palmar sides combined), cubital flexor (elbow fold), pal-
mar metacarpal (from carpal to metacarpal pad), flank,
inguinal area (groin), abdomen, perineum (from genitalia
to anus) and ventral tail (proximal) (Figure S1b) [31]. All
dogs did not receive topical disinfectants or shampoos at
least 3 days before the sampling. Samples were collected
from the left side of the body sites unless skin lesions were
present only on the right side; since there were no cases
of unilateral right-sided lesions, all samples were collected
from the left body side.

Sterile culture swab applicators were soaked in SCF-1
buffer (50 mM Tris, 1 mM EDTA, 0.5% Tween 20;
Teknova, CA, USA) and rubbed on the perilesional skin
40 times, while the swab was rotated every 10 strokes.
Swabs were stored in tubes filled with 400 pl of SCF-1
buffer at — 80 °C until bacterial DNA isolation was per-
formed. Faecal samples were also collected from the dogs
by inserting the swab into the rectum and stored in tubes
filled with 400 ul SCE-1 buffer at — 80 °C. A total of 600
skin samples, 50 faecal samples and 40 buccal samples
were collected from the study cohort. A summary of the
sample strategy is displayed in Figure Sla.

Bacterial DNA isolation, library preparation

and sequencing of the bacterial 16S rRNA gene

Skin microbial DNA isolation, library preparation

and sequencing

Microbial DNA was extracted from the skin swab sam-
ples using a QIAmp DNA Microbiome Kit (Qiagen,
Hildfeld, Germany) according to the manufacturer’s
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protocol. Skin microbial DNA samples were further
processed for library preparation for the hypervari-
able V1-V2 region of the 16S rRNA gene, as previously
described [28, 32, 33]. The final library was sequenced
on the Illumina MiSeq platform using v2 chemistry,
generating 2 X 250bp reads.

Faecal microbial DNA isolation, library preparation

and sequencing

Microbial DNA was prepared from the faecal samples using
a Qiagen Power Soil Kit (Qiagen) according to the manu-
facturer’s protocol. Faecal microbial DNA samples were
further processed for library preparation for the 16S rRNA
gene. The 16S rRNA gene was amplified using uniquely bar-
coded primers flanking the V3 and V4 hypervariable regions
(341F - 806R) with fused MiSeq adapters and heterogene-
ity spacers in a 25 pl volume, consisting of one pl template
DNA, four ul of each forward and reverse primer, 0.25 pl
Phusion Hot Start II DNA polymerase (0.5 units), 0.5 pl
dNTPs (200 uM each) and 5 pl of HF buffer. The PCR con-
ditions were as follows: initial denaturation for 30 s at 98 °C;
32 cycles of 9 s at 98 °C, 30 s at 55 °C, and 45 s at 72 °C; and
a final extension for 10 min at 72 °C. The concentration of
the PCR products was estimated on 1.5% agarose gels using
the image software Quantum Capt v16.04 (Vilber Lourmat
Deutschland GmbH, Eberhardzell, Germany) with a known
concentration of DNA marker (100 bp DNA ladder; Thermo
Fisher Scientific GmbH, Dreieich, Germany) as the internal
standard for band intensity measurement. The PCR prod-
ucts were pooled into approximately equimolar subpools,
as indicated by band intensity, followed by clean-up of the
subpools using a GeneJet column purification kit (Thermo
Fisher). The concentrations of subpools were quantified
using a Qubit dsDNA BR Assay Kit on a Qubit fluorom-
eter (Thermo Fisher Scientific GmbH). The subpools were
combined in one equimolar final pool for each library. The
final pools were cleaned up with magnetic beads (MagSi-
NGSPREP Plus; Steinbrenner Laborsysteme GmbH, Wiesen-
bach, Germany), the concentration was measured by qPCR
using a NEBNext Library Quant Kit for llumina (New Eng-
land BioLabs GmbH, Hessen, Germany), and the size was
determined by Bioanalyzer 2100 using Agilent High Sensi-
tivity DNA Kit (Agilent Technologies GmbH, Waldbronn,
Germany). The final library was sequenced on the Illumina
MiSeq platform using v3 chemistry, generating 2 X 300 bp
paired-end reads (Illumina).

Buccal DNA isolation, library preparation and sequencing
of the whole mitochondrial genome

Genomic DNA isolation from buccal swab samples

Genomic DNA was isolated from the buccal swab samples
using a DNeasy Blood/Tissue Kit (Qiagen) according to the
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standard protocol. Genomic DNA (gDNA) samples were
processed for library preparation, as previously described
in the Human mtDNA Genome protocol for Illumina
Sequencing Platform [34], with small modifications. In brief,
two primer sets [CLF_mtDNA_1_F (TTCTTCGGCGCA
TTCCACAA) and CLF_mtDNA_1 R (GGCATGCCT
GTTAATGCGAG); CLF_mtDNA_2 F (TCACTTTAT
GCTTAGGGGCCA) and CLF_mtDNA_2 R (CAACAT
TTTCGGGGTATGGGC)] were used to enrich the canine
mtDNA by long-range PCR. These PCR products cover the
whole canine mtDNA sequencing (16,727 bp). The PCR
reagents were combined in a total reaction volume of 20 pl,
consisting of 10 ng template gDNA, 10 pM of each forward
and reverse primer, 10 mM dNTPs, Phusion High-Fidelity
DNA polymerase (Thermo Fisher, Germany) and 5x Phu-
sion HF buffer. The PCR conditions for the amplification of
the CLF_mtDNA_1 fragment were 98 °C for 30 s; 29 cycles
of 98 °C for 5 s, 67.7 °C for 10 s, and 72 °C for 4 min 45 s;
72 °C for 5 min; hold at 4 °C, and those for the amplifica-
tion of the CLF_mtDNA_2 fragment were 98 °C for 30 s;
29 cycles of 98 °C for 5 s, 65.8 °C for 10 s, and 72 °C for 4 min
15 s; 72 °C for 5 min; and hold at 4 °C. Library preparation
was performed using a Nextera XT DNA Library Prepara-
tion Kit (Illumina Inc., CA, USA) according to the manufac-
turer’s instructions. The 10-pM final library was sequenced
on the Illumina MiSeq sequencing platform (2 X 150 bp
paired-end reads) (Illumina Inc.).

Microbiota data processing

Raw sequencing reads in fastq format were merged
and filtered for low quality (VSEARcCH [35] v2.12.0;
maxdiffs = 2, maxee = 0.5), and chimeric sequences were
removed from the data (VSEARCH with RDP Gold v9 as
reference database). Afterwards, de-replication was per-
formed (VSEARCH) and sequences were clustered into
operational taxonomic units (OTUs) using UPARSE [36]
as implemented in USEARCH (v11.0.667). Taxonomic
assignment was performed applying the SINTAX [37]
algorithm (vsearch) with RDP v18 [38] as the classifica-
tion database. Chimaera-free merged reads were mapped
to OTUs using VSEARCH (command: usearch_global)
with a 97% identity threshold to create the OTU table.
The phylogenetic tree was reconstructed by aligning
OTU sequences using MOTHUR [39] (v.1.41.3) and SILVA
[40] v123 as a reference database. OTUs belonging to the
genus Staphylococcus were further specified at the spe-
cies level using NCBI Web BLAST (Nucleotide BLAST;
https://blast.ncbi.nlm.nih.gov/Blast.cgi) against the 16S
rRNA database with default parameters.

Microbiome data filtering
The data were imported into R (v4.2.0) using phyloseq
[41] (v1.40.0), and covariates were matched. OTUs not
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matching Bacteria or unknown phylum were excluded.
Additionally, OTUs matching the phyla Abditibacteriota,
Armatimonadetes, Balneolaeota, Chloroflexi, Cyanobac-
teria/Chloroplast, Elusimicrobia, Gemmatimonadetes,
Latescibacteria, Nitrospirae, Planctomycetes, or Rhodo-
thermaeota were excluded as potential contaminants.
Next, decontam [42] (v1.16.0), a contamination detection
tool, was applied to remove contaminants based on fre-
quency (threshold 0.1; 114 OTUs excluded after manual
inspection of potential contaminants) and prevalence
(threshold 0.2; 72 OTUs excluded). Finally, only sam-
ples reaching at least 2,300 contigs were included in the
downstream analysis (7 samples excluded).

Alpha and beta diversity

In faecal samples, alpha diversity was estimated
using DivNet [43] (v0.4.0; EMiter = 6, EMburn = 3,
MCiter = 250, MCburn = 100, network = diagonal).
To test for significant differences in DivNet-estimated
Shannon diversity, we tested for heterogeneity of total
diversity (observed plus unobserved) across multiple
sites using the betta [44] function (breakaway v4.7.9).
Groupwise estimates were compared using the testDiver-
sity function (DivNet). For skin samples, alpha diversity
(Shannon index) was estimated using the estimate_rich-
ness function of phyloseq, and significance was assessed
using non-parametric tests (Wilcoxon test for pairwise
testing and Kruskal-Wallis test for more than 2 group
comparisons with pairwise Wilcoxon tests as post hoc
test).

Beta diversity was estimated using centred log-ratio
transformed (clr) data and distances were calculated
using Euclidean distance (Aitchison distance [45]). Per-
mutational multivariate analysis of variance using dis-
tance matrices (PERMANOVA) was used to analyse
differences in beta diversity (adonis2 function, as imple-
mented in the vegan package v2.6-2, and pairwise.perm.
manova function, as implemented in the RVAideMem-
oire package v0.9.79, each with 99,999 permutations).
Inter-object dissimilarities were visualised using con-
strained analysis of principal coordinates (CAP) (vegan
package v2.6-2).

Differentially abundant taxa

Differentially abundant (DA) taxa were identified on
prevalence filtered data (taxa with a prevalence < 20%
were excluded in each comparison). A count regression
for correlated observations with a beta-binomial distri-
bution model as implemented in the corncob [46] pack-
age (v0.2.0) was applied, and taxa with a g-value below
0.1 were considered significant. To correct for sex dif-
ferences in the analysis, sex was incorporated into the
NULL model in the intra-location comparisons (H, ~ sex,
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H, ~ group + sex). For the haplogroup analysis, disease
group was incorporated into the NULL model to correct
for these effects (H, ~ group, H, ~ group + haplogroup).
To verify the findings, ANCOM-BC [47] (v1.6.0) was
used (lib_cut = 0, struc_zero = TRUE, neg_lb = FALSE,
tol = 1e—5, max_iter = 10000), using the same models as
in the case of corncob. Again, taxa with a g value below
0.1 were considered significantly different. Differential
abundance testing for Staphylococcus spp. was performed
using ANCOM-BC.

Statistical analysis

If not stated differently, analyses were performed using
R (v4.2.0), and p values were corrected for multiple test-
ing using Benjamini—Hochberg correction (denoted
using g or fdr). For data handling, phyloseq and tidyverse
(v1.3.1) were used; cowplot (v1.1.1), ggpubr (0.4.0), sjplot
(v2.8.10) and patchwork (v1.1.1) were applied to create
the figures.

Balances with CADESI-4 or PVAS as the target vari-
able were calculated using a forward-selection method
as implemented in selbal [48] (v0.1.0) on phyla/genera
occurring in at least one-third of the samples per location
with 5-fold cross-validation (10 iterations each).

For correlation analysis (Spearman rank correlation),
clr-transformed abundance values were used. At the
genus level, only genera found in at least 1/15th of the
samples were included to calculate correlations.

The workflow used for the microbiota analysis is availa-
ble at https://github.com/buschlab/2022_canine_atopic_
dermatitis_paper.

Mitochondrial genome analysis

Raw sequencing data were mapped with bwa (version
0.7.17) [49] against dog reference sequence U96639.2
(https://www.ncbi.nlm.nih.gov/nuccore/U96639), and
variant calling was performed with bcftools (version 1.15)
[50] using parameter --ploidy 1, i.e., assuming a ploidy of
1. The PHRED-scaled genotype likelihood was visualised
using a heatmap. This value ranges between 0 and 255,
with 0 being the strongest support of a homomorphic
non-reference (alternative) allele. Values larger than 0
were typically seen at positions at which more than one
allele is observed, indicative of variant calling artefacts
or heteroplasmic variants. Variants with no genotype
calls, i.e., homomorphic reference allele, are displayed in
white. Mitochondrial (MT) sequences were generated by
removing indels and variants with quality less than 200
and then applying the remaining variants to the reference
sequence using the bcftools consensus. The resulting MT
sequences have individually been uploaded to the Canis
mtDNA HV1 database (http://chd.vnbiology.com) [51]
for haplogroup assignment. The MT analyses workflow
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used is available at https://github.com/TLenfers/multi
species_mitochondrial_variant_analysis. ~ Furthermore,
MT sequences used for haplogroup assignment as well as
the code for generating Figure S11, including underlying
variant data, are available at https://github.com/iwohlers/
2022_dog_mt.

Results

Differential microbiota composition in healthy

and cAD-affected dogs with and without medical
treatment

Five hundred fifty-four skin swab samples were success-
fully sequenced for the hypervariable V1-V2 region of the
16S rRNA gene. On average, 44,387 (s.d. + 26,307) read
pairs were obtained in each sample. Merging forward and
reverse reads into contigs, quality filtering, and chimaera
removal resulted in an average of 29,343 (+ 19,755) con-
tigs per sample.

Taxonomic classification of 12 skin sites from healthy
dogs, untreated cAD-affected dogs (cADpre), the same
cADpre dogs that received 2 weeks of oclacitinib treat-
ment (cADpost), and cAD-affected dogs that had already
been on the treatment (cADtreat) dogs at the phylum
and genus levels are shown in Fig. 1a and Fig. 1b (bac-
terial taxa identified in these skin samples are shown in
Supplementary Material S2 as well). While there is an
obvious heterogeneity in the relative abundance of the
skin microbiota across the 12 skin sites, Staphylococcus
was the predominant bacterial taxon in all 12 skin sites of
cAD-affected dogs (Fig. 1b). More specifically, its abun-
dance in cADpre dogs was significantly higher than that
in healthy dogs (Healthy) in abdomen (p = 0.0169), axilla
(p = 0.0330), cubital flexor (p < 0.0001), palmar metacar-
pal (p = 0.0157), and perilabial area (p = 0.0153). In abdo-
men, cubital flexor, perilabial area, 2 weeks of treatment
with JAK inhibitor significantly reduced the abundance
of Staphylococcus (p = 0.0419, p = 0.0005, p = 0.0299,
respectively; cADpre vs cADpost; Fig. 1c).

Reduction of bacterial diversity in cAD skin

Skin microbiome data of the 12 skin sites were analysed
for alpha diversity (Figure S2), and the difference in skin
bacterial community composition was evaluated by beta
diversity (Figure S3). Alpha diversity (estimated using
Shannon diversity) showed a general trend of reduction
of bacterial richness in untreated cAD-affected dogs
(cADpre) compared with healthy dogs, and the level
was recovered after the medical intervention. Of the
12 skin sites, a significant difference between the four
groups was observed in axilla (p = 0.01), medial pinnae
(p = 0.023) and perilabial area (p = 0.023). A significant
reduction of alpha diversity in cAD-affected dogs (cAD-
pre) compared with healthy dogs (Healthy) was observed
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Fig. 1 Taxonomic classification of 12 skin sites from healthy dogs, dogs with untreated cAD (cADpre), cAD-affected dogs that received 2 weeks

of oclacitinib treatment (cADpost) and cAD-affected dogs that had already been on the treatment (cADtreat) at the phylum level (a) and the genus
level (b). The abundance of genus Staphylococcus in 12 skin sites in all 4 dog groups was presented in (c). *p < 0.05, **p < 0.01, **p < 0.001,

and ****p < 0.0001. Two-way ANOVA
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in perilabial area (p = 0.011), cubital flexor (p = 0.041)
and medial pinnae (p = 0.006). When the same dogs
before (cADpre) and after the 2-week JAK inhibitor
treatment (cADpost) was compared, a significant res-
toration of alpha diversity was observed in medial pin-
nae (p = 0.019). After the longer term treatment of JAK
inhibitor, the alpha diversity

Beta diversity was significantly different between
groups in abdomen, front paw, perineum, and ventral
tail (Figure S3).

Differentially abundant bacterial taxa in the skin
between healthy and cAD-affected dogs with and without
oclacitinib treatment
For further analysis, we selected the skin sites that were
most relevant to the clinical score. To select these skin
sites, balances of bacterial taxa were calculated using
a greedy stepwise algorithm (selbal) with 5-fold cross-
validation and 10 iterations. This method estimates the
optimal number of discriminating taxonomic groups and
the ratio of these taxonomic groups (named “denomi-
nator” and “numerator”) and then defines the balance
between the microbial characteristics that best describe
the differences in the compared phenotype—in this case,
CADESI-04. The skin sites whose bacterial taxa at the
genus level significantly correlated with their CADESI-04
scores (R” > 0.4) were selected for further analysis (Table
S2). To this end, skin microbiome data from four skin
sites, namely, the abdomen, front paw, perilabial area,
and ventral tail, were selected for more detailed analysis.
For the four selected skin sites, differentially abun-
dant bacterial taxa at the phylum level were analysed
between two groups: cADpre vs. healthy, cADtreatment
vs. healthy, and cADpost vs. cADpre (Figure S4 and
Table S3). The abundance of Firmicutes in the front
paw and perilabial area was significantly higher in cAD-
affected dogs without treatment than in healthy dogs
(cADpre vs. healthy). At these skin sites, cAD-affected
dogs showed a significant reduction in Firmicutes abun-
dance after 2 weeks of oclasitinib treatment (cADpost
vs. cADpre). At all four skin sites, the abundance of Pro-
teobacteria was significantly increased in cAD-affected
dogs after they received 2 weeks of oclacitinib treatment
(cADpost vs. cADpre). In contrast, the abundance of
Deinococcus-Thermus significantly decreased after treat-
ment in the abdomen, front paw, and ventral tail. Simi-
larly, differentially abundant bacterial taxa at the genus
level were analysed between the same two groups (Fig-
ure S5 and Table S4). The abundance of Staphylococ-
cus was significantly higher in the perilabial area and
ventral tail of cAD-affected dogs than in the same skin
sites of healthy dogs. When compared with paired sam-
ples before and after the 2-week oclacitinib treatment
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(cADpost vs. cADpre), the abundance of Staphylococ-
cus in the perilabial area was largely decreased after
the treatment (g < 1.00 X 107, effect size = — 2.4017),
while the change in abdomen, front paw, and ventral
tail was marginal (g = 3.50 x 107, effect size = 0.8125;
g = 1.64 x 1078, effect size = 0.1715; ¢ = 2.25 x 1078,
effect size = — 0.3779, respectively). Interestingly, the
abundance of Staphylococcus on the abdomen of cAD-
affected dogs that already received oclacitinib treatment
(cADtreat), was less than that in the site-matched skin
of healthy dogs. Meanwhile, there was still a higher bac-
terial load on the ventral tail of cADtreat dogs than in
the same skin site on healthy dogs (g = 0.0554, effect
size = 1.5864).

Correlation analysis between bacterial taxa and clinical
cAD parameters

Next, we conducted a correlation analysis between clinical
parameters (CADESI-04 and PVAS) and microorganisms
on the skin in each group to evaluate whether identified
differences in the abundance of bacteria were associated
with the clinical parameters (Fig. 2 and Figure S6, respec-
tively). To identify specific bacterial phyla and/or genera
that correlate with respective clinical phenotypes and are
commonly shared in all cAD-affected dogs, we looked
for similar trends of correlation in all three dog groups in
all four skin sites. More specifically, bacterial taxa show-
ing similar colours across the three groups in each heat-
map were evaluated. There were no bacterial phyla and/
or genera that had a similar impact (i.e., negative or posi-
tive relations) in CADESI-04 or PVAS. Only two genera,
Corynebacterium and Staphylococcus, demonstrated a
trend of positive correlation with CADESI-04 values in all
groups in all four skin sites (Fig. 2b).

Association of Staphylococcus abundance with cAD

Having our correlation analysis as well as previously
reported clinical evidence, we further investigated
whether the abundance of Staphylococcus was associated
with cAD in all 12 skin sites (Figure S7 and Table S5). Of
these skin sites, five (namely, the abdomen, axilla, cubi-
tal flexor, palmar metacarpal, and perilabial area) showed
a significant association of Staphylococcus abundance
between cADpre dogs and healthy dogs (»p = 0.0392,
p = 0.0436, p = 0.0026, p = 0.0105, and p = 0.0233,
respectively; Figure S7a—e). Even though the p values
were not statistically significant (due to the large variation
between individuals), the abundance of Staphylococcus in
the other three skin sites (hind paw, flank, and front paw)
showed a trend towards higher abundances in cADpre
dogs than in healthy dogs (p = 0.2331, p = 0.1221, and
p = 0.2889, respectively; Figure S7f-h). These skin sites
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Fig.2 Spearman’s correlation of clinical score (CADESI-04) and bacterial taxa at the phylum level (a) and at the genus level (b) at the four skin sites:
abdomen, front paw, perilabial area, and ventral tail. P values showing significant correlation (p < 0.05) are shown

demonstrated a positive correlation with the correspond-  sites are presented in Figure S8 and Table S6. In 9 of the

ing CADESI-04 value (Figure S7i—p). 12 skin sites, the abundance of S. pseudintermedius was
Of the identified OTUs, 14 different OTUs were significantly higher in cAD-affected dogs not receiv-

mapped to the genus Staphylococcus. These OTUs were  ing medical treatment (cADpre) than in healthy dogs

further classified at species level by an NCBI Nucleotide (g < 0.1; Fig. 3 and Table S7).

BLAST search. The ten most abundant species in 12 skin
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Fig. 3 The abundances of the 10 predominant Staphylococcus spp. were compared between the two groups: cADpre vs. healthy, cADtreat vs.
healthy and cADpost vs. cADpre at the 12 skin skites: abdomen (a), axilla (b), cubital flexor (c), flank (d), front paw (e), hind paw (f), inguinal area (g),
medial pinnae (h), palmar metacarpal (i), perilabial area (j), perineum (k), and ventral tail (I). The beta coefficient represents the coefficients obtained
from the ANCOM-BC log-linear (natural log) model, and the standard error of the coefficients are shown as whiskers. The x-axis indicates log2

fold-change

(See figure on next page.)

Fig. 4 Faecal microbiota analysis. Mean relative taxonomic abundances at the phylum level (a) and at the genus level (b) in each dog group

are presented. The differentially abundant bacterial genera (g < 0.1) are presented (c), where blue dots refer to genera identified by corncob

and orange dots to genera identified by corncob and ANCOM-BC. The comparison of the abundance was conducted between the two groups
indicated in each panel: left, cAD-affected dogs that did not receive medical treatment (cCADpre) vs. healthy dogs (Healthy); middle, cAD-affected
dogs on medical treatment (cADtreat) vs. healthy dogs; right, cADpre dogs that received 2 weeks of oclacitinib treatment (cADpost) vs. cADpre.
Alpha diversity was analysed using the DivNet estimate of Shannon, as samplewise estimates (d) and communitywise estimate (e). Beta diversity
was evaluated using constrained analysis of principal coordinates of the Aichison distance, demonstrating clear differences between the four

groups (adonis: p < 0.001)
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Distinct gut microbial composition between healthy

and cAD-affected dogs with and without oclacitinib
treatment

A total of 46 faecal samples were analysed. Approxi-
mately 41,000 (+ 25,895) read pairs per sample were
obtained, and merging forward and reverse reads into
contigs yielded approximately 41,000 (+ 21,305) con-
tigs per sample. After filtering and chimaera removal,
the average number of contigs per sample was 36,367 (+
17,293).

The bacterial taxonomic composition in the faecal
samples from all dogs was plotted (Fig. 4). The mean
relative abundances of bacterial taxa in the four groups
were investigated. A total of ten phyla were identified
in the faecal samples (Fig. 4a). Firmicutes was the most
abundant, followed by Bacteroidetes and Proteobacte-
ria. We observed a major decrease in the proportion of
Fusobacteria accompanied by an increase in Proteobacte-
ria in all cAD groups (cADpre, cADpost, and cADtreat)
(Table S8).

A total of 131 different genera were identified in the fae-
cal samples. The mean relative abundance of the 19 most
abundant genera is shown in Fig. 4b. In healthy dogs,
the predominant genera were Fusobacterium (20.6%),
Megamonas (18.4%), and an unclassified genus belong-
ing to the Bacteroidaceae family (16.2%). In contrast, the
predominant genera found in untreated cAD-affected
dogs (cADpre) were Escherichia/Shigella (19.4%), Bacte-
roides (18.1%), and Clostridium sensu stricto (9.7%), with
Fusobacterium (0.06%) and Megamonas (0.0003%) being
detected at very low abundances in this group (Table S9).

Next, differentially abundant bacterial taxa in the faecal
samples at the phylum level were analysed between pairs
of groups; healthy vs. cADpre, cADtreat vs. healthy, and
cADpre vs. cADpost (Figure S9, Table 1). In untreated
cAD-affected (cADpre) dogs, the abundance of Fuso-
bacteria was significantly lower than that in healthy
dogs (effect size = — 5.3705, ¢ = 1.38 x 107'%), while the
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treatment (effect size = 5.11224, g < 0.0001). No change
in this specific bacterial phylum was observed when
cAD-affected dogs that already received oclacitinib treat-
ment (cADtreat) and healthy dogs were compared.
Similarly, differentially abundant faecal bacte-
rial taxa between the groups at the genus level were
analysed (Fig. 4c and Table 2). The abundance of
Fusobacterium was significantly lower in untreated
cAD (cADpre) dogs than in healthy dogs (effect
size = — 5.3391, ¢ = 3.64 x 1071%). It was increased
in the same cAD-affected dogs after they received
2-week-oclacitinib  treatment (cADpost vs. cAD-
pre; effect size = 5.1177, g < 0.0001). A similar trend
(increase in cADpre and decrease after the 2-week treat-
ment) was observed in Blautia (effect size = —1.1738,
g = 347 x 107%), Clostridium sensu stricto (effect
size = — 1.2619, g = 5.67 x 107°%) and Escherichia/Shi-
gella (effect size = —0.4567, q = 8.7837 x 107'%). Dogs in
the cADtreat group did not show a reduction in the abun-
dance of Blautia and Clostridium sensu stricto, which
remained higher than that in healthy dogs (Blautia, g =
n.s; C. sensu stricto, effect size = 1.6453, g = 4.80 X 107%),

Correlation between faecal bacterial taxa and clinical cAD
parameters

Next, we conducted a correlation analysis between clini-
cal parameters (CADESI-04 total score and PVAS; Fig-
ure S10) and bacterial taxa in the gut in each group. To
evaluate specific bacterial phyla and/or genera correlat-
ing with respective clinical phenotypes commonly shared
in all dogs, we looked for similar trends of correlation in
all four dog groups. No bacterial phyla or other taxa were
observed to correlate with PVAS (Figure S10a, b). Three
phyla (Bacteroidetes, Actinobacteria, and Firmicutes)
and three genera (Amedibacillus, Bacteroides, and Fla-
vonifractor) were positively correlated with CADESI-04
total score, while three phyla (Acidobacteria, Proteo-
bacteria, and Synergistetes) and four genera (Cellulosi-

abundance was increased after 2 weeks of oclacitinib  lyticum, Escherichia/Shigella, Novosphingobium, and

Table 1 Statistical summary of the differentially abundant faecal bacterial taxa at the phylum level

Comparison Phylum fdr Effect Error min Error max

cADpre vs. Healthy Fusobacteria 0.0000 —5.3705 -6.6151 —4.1256

cADpost vs. cADpre Actinobacteria 0.0296 - 04049 —-0.7696 —0.0401
Bacteroidetes 0.0000 - 04057 —0.4932 - 04201
Firmicutes 0.0000 —0.9028 -0.9374 —0.8681
Fusobacteria 0.0000 51122 4.8750 5.3494
Proteobacteria 0.0000 0.3675 0.3186 04164

cADtreatment vs. Healthy Campylobacterota 0.0059 -54319 —8.6639 —2.1999

Bacterial taxa with a composition greater than 0.0001% (relative value > 0.00001) are displayed

0.000 in the fdr column denotes fdr corrected p values below 0.001
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Table 2 Statistical summary of the differentially abundant faecal bacterial taxa at the genus level

Comparison Genus fdr Effect Error min Error max

cADpre vs. Healthy Clostridum_sensu_stricto 0.0009 2.9500 14118 44882
Staphylococcus 0.0000 5.6982 4.2895 7.1068
Amedibacterium 0.0164 2.7795 0.8068 4.7522
Blautia 0.0195 1.6524 04350 2.8698
Anaerostipes 0.0000 34001 2.0319 4.7682
Escherichia/ Shigella 0.0164 24102 0.7242 4.0962
Flavonifractor 0.0041 2.3061 0.9298 36824
Fusobacterium 0.0000 —5.2969 —6.8852 - 3.7086
Porphyromonas 0.0284 58251 1.2393 10.4108

cADpost vs. cADpre Bacteroides 0.0000 - 1.1320 - 1.1734 - 1.0906
Clostridum_sensu_stricto 0.0000 —1.2757 — 14293 —1.0906
Romboutsia 0.0000 0.8737 05212 - 1.1221
Terrisporobacter 0.0197 — 04578 - 038307 —0.0848
Staphylococcus 0.0000 21513 1.9130 2.3895
Amedibacterium 0.0000 —3.2703 —34783 —3.0623
Erysipelatoclostridium 0.0003 —0.9847 —1.5052 — 04642
Faecalimonas 0.0000 —0.77% -0.8783 —0.6806
Lachinospiracea_incertae_sedis 0.0000 0.3221 0.2507 0.3936
Roseburia 0.0000 1.4039 11311 1.6767
Blautia 0.0000 —1.1882 —1.2569 - 1.119
Escherichia / Shigella 0.0000 - 05029 —0.5435 — 04624
Flavonifractor 0.0000 —0.9294 - 1.0764 -0.7824
Enterocloster 0.0002 2.5604 1.2616 3.8592
Anaerotignum 0.0000 14712 0.8140 2.1285
Fusobacterium 0.0000 5.0975 4.8608 5.3343
Proteus 0.0000 2.6491 2.5275 2.7707
Porphyromonas 0.0000 4.8906 45019 52792

cADtreatment vs. Healthy Clostridum_sensu_stricto 0.0000 1.5080 1.0417 1.9743
Turicibacter 0.0758 4.9954 1.0507 8.9401
Anaerotignum 0.0014 -50315 —7.6287 — 24342
Faecalimonas 0.0000 - 1.0094 —1.1468 -08719
Blautia 0.0889 1.8236 0.3075 3.3396
Corynebacterium 0.0758 —2.9621 —5.2842 -0.6399

Bacterial taxa with a composition greater than 1% (relative value > 0.01) are presented

0.000 in the fdr column denotes fdr corrected p values below 0.001

Stenotrophobacter) were inversely correlated with the
score (Figure S10c, d).

Differential gut microbial diversity in cAD-affected dogs
compared with healthy dogs was reversed by oclacitinib
treatment

Species diversity in the faecal samples was calculated using
the DivNet estimate of Shannon that integrates the number
of different species present (species richness) as well as their
relative distribution (species evenness). DivNet also accounts
for interactions between bacterial communities in the eco-
logical network and for missing taxa. When alpha diversity
was measured samplewise, no significant differences were

observed between any of the four groups (Fig. 4d). Samples
from all groups showed a wide range of species diversities
inside their group, with mean values of 2.01 (healthy), 1.88
(cADpre), 1.96 (cADpost), and 2.06 (cADtreat). Therefore,
there was a tendency towards a reduction in species diver-
sity in untreated cAD-affected dogs (cADpre) compared
with healthy dogs. Next, we conducted a communitywise
estimate, which resulted in statistically significant differences
between the groups (Fig. 4e). In this analysis, all samples per
group are combined and regarded as one community so that
the overall species diversity of the healthy or diseased envi-
ronment is estimated. Compared with healthy dogs, com-
munity diversity was significantly decreased in untreated
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cAD (cADpre) dogs (healthy, 2.06 + 0.35, p < 0.001; ADpre,
1.01 + 0.73, p < 0.001). Similarly, the community after
2 weeks of treatment was less diverse compared to the
healthy group (0.96 + 0.57, p < 0.001). In the cAD groups
that already received oclacitinib treatment (cADtreat),
the mean diversity became closer to that of healthy dogs
(1.92 £ 0.66), although a larger deviation between individuals
was observed.

Beta diversity measures dissimilarity between the
bacterial composition of multiple populations. The
“Aitchison distance”, which is the Euclidian distance
after clr (centred log-ratio) transformation, was used to
measure beta diversity and constrained analysis of prin-
cipal coordinates to visualise and evaluate clustering of
the samples according to study group and disease status
(Fig. 4f).

To analyse the ability of the samples to be separated by
the group (Healthy, cADpre, cADpost and cADtreat) and
disease severity (CADESI-04 score), multivariate analysis
of variance using the distance matrices (adonis) was used.
The disease separate categories were applied according to
the published consensus [31], i.e., none, < 10; mild cAD,
10-34; moderate cAD, 35-59, and severe cAD, > 60.
Aitchison distances showed that the group explained
14.6% (p < 0.0001) and disease severity explained 11.5%
(p < 0.001) of the variance (r°) and that the healthy dogs
were found to be significantly different compared with
each of the other cAD groups (PERMANOVA, p < 0.001
for cADpre and cADpost; p < 0.001 for cADtreat). When
testing for disease severity, beta diversity significantly
differed between disease-free animals (none) and those
with mild cAD (p < 0.05), while other comparisons did
not reach statistical significance. Neither the sex (adonis,
p = 0.64) of the dogs nor the age group (adonis, p = 0.09)
was found to be significant in beta diversity.

In summary, the bacterial community in all dogs with
cAD, regardless of the treatment status, was significantly
different from that in healthy dogs.

Mitochondrial DNA variant clustering and mitochondrial
DNA haplogroup determination
Buccal swab samples were obtained, and gDNA was isolated
from all 40 dogs (20 healthy, 10 cADpre, and 10 cADtreat).
Two swab samples did not yield sufficient gDNA for fur-
ther processing. Ultimately, samples from 20 healthy dogs,
nine cADpre dogs, and nine cADtreatment dogs were suc-
cessfully sequenced for whole canine mitochondrial DNA.
The obtained sequencing data were aligned to the reference
sequence and variant calling was performed.

Figure S11 shows the complete mitochondrial genetic
profiles of all 38 dogs. For haplogroup determination,
we first used the Canis mtDNA HV1 database, which is
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available online (http://chd.vnbiology.com). The hap-
logroups determined by this approach overlapped the
heatmap clustering pattern. Therefore, we decided to use
major haplogroup A (combined all A sub-haplogroups,
except A64; a total of 20 dogs, of which 16 had micro-
biome data available) and haplogroup C17 (including
three samples assigned “new haplogroup C ref: C17’, thus
together referred to as C afterwards; a total of 14 dogs, of
which 12 dogs had microbiota data available) for further
association analysis.

Mitochondrial DNA haplogroups are associated

with the gut and skin microbiome

We hypothesised that genetic variation in the mtDNA is
associated with cAD. Since all homoplasmic variants in
the tested dogs are haplogroup-specific (Figure S11), we
performed a x2 test for the mtDNA haplogroup distri-
bution between healthy and diseased samples (cADpre
and cADtreat). There was no association between the
mtDNA haplogroup and cAD in this cohort (p = 0.2675).

We further investigated the potential association
between mitochondrial haplogroups and microbiota in
the gut and the skin.

We first conducted the association between mtDNA
haplogroup and gut microbiota. To evaluate the asso-
ciation between mtDNA haplogroup and alpha diver-
sity, a random effects model (no random slope/intercept)
was used with group (healthy, cADpost, and cADtreat)
as a random effect. The model shows that the effect
of the haplogroup on alpha diversity is not significant
(p = 0.1194; Fig. 5a). Additionally, testing for heteroge-
neity of total diversity revealed a significant reduction in
alpha diversity in haplogroup C (Fig. 5b; beta: p = 0.033,
estimate = — 0.3730).

Beta diversity was estimated using Aitchison distance,
and a constrained correspondence analysis was applied
to estimate differences and correct for group effects
(estimating the haplogroup effects; Fig. 5c). The model
was not significant (p = 0.07822). Neither haplogroup
(p = 0.07845) nor the separation at the x-axis (CAP1,
p = 0.0784) were significant; p values were calculated
using 99,999 permutations using an ANOVA-like per-
mutation test for constrained correspondence analysis.
Although these values were not statistically significant,
they did show a trend (p < 0.1).

Finally, we analysed the differential abundance using
corncob analysis (Fig. 5d, e). Three phyla (Actinobacte-
ria, Campylobacterota, and Firmicutes) and seven genera
(Amedibacterium, Anaerostipes, Anaerotignum, Blautia,
Clostridium XVII, Roseburia, and Streptococcus) were
significantly lower in the C haplogroup than in the A
haplogroup (g < 0.1; Table S10). For this analysis, group
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Fig. 5 An association between the mitochondrial haplogroup and gut microbiota was evaluated. Alpha diversity was compared between faecal
bacteria of dogs with haplogroup A and that of dogs with haplogroup Cin 3 groups: cADpost, cADtreatment and healthy (a, left panel), and in all
three groups together (b, right panel). When comparing haplogroups A and C in all three groups (regardless of health status), alpha diversity in dogs
with haplogroup A showed a higher trend than that in dogs with haplogroup C (p = 0.074). Beta diversity was also compared between these two
haplogroups (c). The Aitchison distance between haplogroups A and C demonstrated a difference with p = 0.078. The differentially abundant
bacterial taxa between haplogroups A and C at the phylum level (d) and at the genus level (e) are presented (g < 0.1); blue dots refer to genera
identified by corncob, and orange dots refer to genera identified by corncob and ANCOM-BC

was included in the null model to remove group effects
from the analysis.

The same approach was taken to evaluate the skin
microbiota and mtDNA haplogroups. For the skin
samples, we selected and evaluated three skin sites,
namely axilla (Figure S12), medial pinnae (Figure S13)
and front paw (Figure S14), which exhibited a signifi-
cant difference in alpha diversity between the four dog
groups. No significant correlation between mtDNA
haplogroups and alpha diversity (Figure S12a,b, Fig-
ure S13a,b and Figure S14a,b) or beta diversity (Figure
S12c, Figure S13c and Figure S14c) was observed in
any of the three skin sites. When the differential abun-
dance of bacteria was analysed, we observed the sig-
nificant difference between the haplogroups (Figures

S12d,e, S13d,e and S14d,e; Table S10); In axilla, two
phyla (Actinobacteria and Bacteroides) and four gen-
era (Arthrobacter, Bacteroides, Rubellimicrobium and
Haemophilus) were significantly differentially abun-
dant between C and A haplogroups (g < 0.1). In medial
pinnae, one phylum Actinobacteria was significantly
reduced in haplogroup A than haplogroup C (g < 0.1).
At the genus level, Flavobaterium and Pasteurella were
higher in haplogroup C than haplogroup A (g < 0.1),
while Rothia, Stenotrophomonas and Tannerella were
higher in haplogroup A than haplogroup C (g < 0.1). In
front paw, four genera (Bacteroides, Capnocytophaga,
Neisseria, and Haemophilus) were differentially abun-
dant between the two mtDNA haplogroups (g < 0.01).
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In summary, there was a trend of differences in beta
diversity in faecal samples, and we observed significantly
different abundant phyla/genera both in faeces and skin
samples between mtDNA haplogroups.

Discussion

The skin and commensal microbiota are critical players
in the health and pathological status of hosts. AD is an
allergic skin disorder observed in both humans and dogs.

In this study, 16S rRNA gene amplicon sequenc-
ing of skin swabs and faecal samples obtained from
dogs affected with cAD and healthy Shiba Inu dogs was
conducted.

From the skin microbiota analysis, we demonstrated
clear dysbiosis on the skin of cAD-affected dogs, with a
higher abundance of Staphylococcus in all 12 skin sites of
cAD-affected Shiba Inu dogs. These findings are in line
with previously reported studies. The paired samples, i.e.,
untreated cAD (cADpre) and the same cAD-affected dogs
after 2 weeks of oclacitinib treatment (cADpost), demon-
strated that Staphylococcus abundance, predominantly
S. pseudintermedius, was significantly lower in cADpost
dog skin than in cADpre dog skin. Upon oclacitinib treat-
ment, the abundance was significantly reduced. At the
same time, we conducted the analysis of faecal micro-
biota in healthy dogs and cAD-affected dogs, in parallel
to the analysis of their skin microbiota. Additionally, we
were able to evaluate the therapeutic impact of oclaci-
tinib on the gut microbiota of untreated cAD-affected
dogs that received 2 weeks or cAD dogs that were already
on the treatment for an average of 13 months with oclaci-
tinib. In fact, because untreated cAD-affected dogs (cAD-
pre) and 2-week oclacitinib-treated cAD-affected dogs
were paired, we were able to evaluate the gut microbiota
in pre- and post- treatment cAD status.

In parallel to the skin microbiota, there was clear dys-
biosis in the gut of cAD-affected dogs. In healthy dogs,
the predominant phyla in the faecal samples included
Firmicutes, Bacteroidetes, Proteobacteria and Fusobacte-
ria. This observation is in line with previous studies [52].
When comparing the gut microbiota in healthy dogs with
that in cAD-affected dogs (cADpre), the abundance of
Fusobacteria was significantly reduced in cAD-affected
dogs, which is in line with previous studies of gut micro-
biota in dogs affected with cAD and healthy dogs [22, 23].
This was further illustrated at the genus level, presenting
the reduction of Fusobacterium abundance in cADpre
dogs compared with that in healthy dogs. In fact, Fuso-
bacterium was primarily detected in several carnivores
(African lion, arctic fox, king vulture) and non-carnivores
(dogs and meerkat) as commensal microbiota [53]. In
humans, Fusobacterium is known to be highly abundant
in various gastrointestinal diseases, such as inflammatory
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bowel disease (IBD) [54], ulcerative colitis [55], and colo-
rectal cancer [56], suggesting that the impact of Fusobac-
terium on health and disease in dogs seems to be different
from that in humans [57]. Megamonas, which belongs
to the phylum Firmicutes (Bachillota), is another bacte-
rial genus that was significantly less abundant in cADpre
dogs than in healthy dogs. This finding is also consist-
ent with the previous cAD study conducted in the same
area as our study [23]. Another pilot study of gut micro-
biota in cAD dogs showed the opposite finding; a higher
prevalence of Megamonas in faecal samples from four
cAD-affected beagle dogs compared with three healthy
beagle dogs [21]. As such, differential findings between
studies could be due to the environmental factors (e.g.,
geographical location and diet), dog breeds as well as
sample sizes used in the studies. These bacterial taxa are
known to be pathologically relevant, such as in IBD in
dogs; more specifically, the abundances of both Fusobac-
terium and Megamonas were negatively correlated with
canine IBD [58]. In dogs, the abundance of Fusobacte-
rium is positively correlated with faecal concentrations of
butyrate and propionate [59], and some species of Mega-
monas can ferment glucose into acetate and propion-
ate [60, 61]. Given that the higher levels of butyrate and
propionate in faeces reduced the risk of atopy in early life
in humans, the reduction of such SCFA-producing bacte-
ria in cAD-affected dogs suggests that Fusobacteria and
Megamonas could explain the pathological relevance of
cAD in Shiba Inu dogs. Furthermore, several meta-analy-
sis studies of the published data suggested an association
between IBD and AD in humans, i.e., a higher incidence
of AD in IBD patients as well as a higher prevalence of
IBD in AD patients [62, 63], suggesting that the phy-
lum Fusobacteria and the genus Fusobacterium may be
potential biomarkers not only for the risk of cAD but also
for the risk of IBD in dogs. Nevertheless, further stud-
ies of faecal microbiota from many different dog breeds
with larger sample sizes will be needed to confirm this
hypothesis.

In contrast, the abundances of Clostridium sensu stricto
(former Clostridium cluster I) and Escherichia/Shigella
were significantly increased in untreated cAD-affected
dogs (cADpre) compared with healthy dogs. Clostridium
was reported that its colonisation in the gut at an early
age (at ages 5 and 13 weeks) was associated with a higher
risk of AD in children [64] and that the higher abundance
of Clostridium spp. is associated with AD in infants. Two
bacterial taxa, Escherichia coli and Shigella spp., were not
differentiated by the 16S rRNA gene sequence because of
their genetic relatedness [65, 66]. Despite some differen-
tial biochemical characteristics, both bacterial taxa are
enteric pathogens, and their virulence factors influence
many cellular processes [66]. Higher abundances of both
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Shigella and E. coli in faeces were reported to be associ-
ated with atopic eczema [67, 68].

These changes observed in the gut microbiota of the
untreated cAD-affected dogs (cADpre) were further
altered most likely by medical intervention with oclaci-
tinib. After the 2-week treatment, the abundance of Fuso-
bacterium, which was less than 2% in cAD-affected dogs,
was significantly increased in the same dogs (cADpost vs.
cADpre). On the other hand, the abundance of Escheri-
chia/Shigella was significantly decreased after the 2-week
treatment. In cAD-affected dogs that were already on
oclacitinib treatment (cADtreat), the composition of
the gut bacterial taxa was richer than that of the cAD-
affected dogs that received 2-week treatment (cADpost):
Fusobacterium was retained, the abundance of Escheri-
chia/Shigella was reduced, and Megamonas appeared.
This finding indicates that the 2-week oclacitinib treat-
ment shifted gut microbial composition, including the
increased abundance of Fusobacterium, which may be
beneficial for dog health. The gut microbial composition
of the faeces from cAD-affected dogs that were already
on oclacitinib treatment (cADtreat) showed relatively
similar patterns compared with untreated cAD-affected
dogs (cADpre), i.e., higher abundances of Escherichia/
Shigella and Clostridium sensu stricto, yet we observed
higher abundances of Fusobacterium and Megamonas,
which were also highly abundant in healthy dogs, sug-
gesting that the treatment with oclacitinib may shift the
gut microbial composition of cAD-affected dogs towards
that of healthy dogs to a certain extent. Five out of 10
cADtreat dogs that already received oclacitinib treat-
ment, were on a varied prescription diet specifically
designed for allergy control; thus, this dietary control
may have also supported modulating the gut microbiota
composition from “cAD gut type” to “healthy gut type”

We also sequenced the whole mitochondrial genome
of Shiba Inu dogs with and without cAD in this study. In
humans, mitochondrial haplogroups are utilised in the
context of population genetics because they represent a
phylogenetic tree that allows retracing human settlement
of the world, resulting in present-day worldwide geo-
graphic differences in haplogroup abundances. In con-
trast, dogs have been recently crossed, and their breeding
has been largely controlled by humans. Therefore, we
hypothesised that mtDNA variants may be variable
among one specific breed, which may contribute to host
gene-microbiota interactions in the pathology of cAD.
We did not observe a significant association between
mtDNA haplogroups and cAD in this sample cohort;
however, this may be due to the limited sample size. Yet,
we identified a significant association between mtDNA
haplogroups and specific bacterial taxa. Further studies
using larger sample sizes may indicate that the mtDNA
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haplogroup and specific gut microbes are biomarkers to
evaluate disease predisposition, treatment efficacy, and
health management in dogs.

In our present study, bacterial 16S rRNA gene sequenc-
ing was used for both skin and faecal microbiome analy-
sis. Despite its low cost and availability of well-established
analysis pipelines, this approach has limitations in taxo-
nomic resolution and low sensitivity in comparison to whole
genome shotgun metagenome sequencing [69]. For exam-
ple, this study did not cover the fungal community in the
skin and faeces in dogs. Colonisation of fungi, especially,
Malassezia species in the skin, is well-known to be associ-
ated with cAD [70]. Detailed identification of bacterial spe-
cies and functional profiling of identified microbes are of
interest, especially Staphylococcus species. Therefore, in our
extended future study, we will conduct shotgun metagenom-
ics sequencing to cover these aspects in both skin and faecal
samples from healthy and cAD-affected dogs.

Conclusions

We conducted a comprehensive microbial analysis in
the skin and gut of cAD and healthy Shiba Inu dogs. The
cAD-affected dogs included untreated cAD-affected
dogs, the same dogs after a 2-week course of oclacitinib
treatment, and an independent group of cAD-affected
dogs that had already been receiving oclacitinib treat-
ment for up to two years. This study is the first report
to present clear dysbiosis of both the skin and the gut in
dogs with cAD. We observed that oclacitinib treatment
on cAD, regardless of the treatment duration, shifted
both the skin and gut microbiota toward those of healthy
dogs. In addition, we identified a significant association
between mtDNA haplogroups and specific bacterial taxa
in the gut and the skin microbiota in dogs. This finding
will be the basis for novel disease management strategies
for cAD.

Abbreviations

AD Atopic dermatitis

cAD Canine atopic dermatitis

CADESI-04  Canine atopic dermatitis evaluation score index-04
PVAS Pruritis visual analogue scale

16SrRNA 16S ribosomal RNA
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Additional file 1: Figure S1. The cohort of Shiba Inu dogs tested in this
study (a). Twelve skin swab samples and a faecal sample were collected
from each dog in each group, resulted in a total of 12 “ (10+ 10+ 10 + 20)
=600 skin swab samples and 1 “(10+ 10 + 10 + 20) = 50 faecal samples.
The twelve skin sites include a buccal sample was collected from three
groups; cADpre, cADtreat and Healthy, 1 (10+ 10 4+ 20) = 40 samples.
The twelve skin sites are shown in (b); 1. perilabial area (lips), 2. medial
pinnae (concave pinnae), 3. axilla, 4. front paw (dorsal and palmar sides
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combined), 5. hind paw (dorsal and palmar sides combined), 6. cubital
flexor (elbow fold), 7. palmar metacarpal (from carpal to metacarpal pad),
8.flank, 9. inguinal area (groin), 10. abdomen, 11. perineum (from genitalia
to anus) and 12. ventral tail (proximal). Age distribution of the participat-
ing dogs (c), CADESI-04 (d) and PVAS (e) values for each dog were plotted
in the graphs. The values of healthy dogs were given as 0. Asterisks (*) indi-
cate the statistically significant difference; **p < 0.01, ***p < 0.001, ****p <
0.0001 (Kruskal-Wallis test). Ten dogs with untreated cAD dogs (cADpre)
received oclacitinib treatment for 2 weeks (cADpost). The treatment
efficacy was shown as a statistically significant reduction in CADESI-04 (**p
< 0.01, Wilcoxon test; f) and PVAS values (p = 0.0078, Wilcoxon test; g). For
these 10 dogs, the CADESI-04 score in 12 different skin sites, the perilabial
area, medial pinna, axilla, front paw, hind paw, cubital flexor, palmar meta-
carpal, flank, inguinal area, abdomen, perineum, and ventral tail, is shown
in (h). A significant reduction of CADESI-04 score was observed in inguinal
area (*p < 0.05; two-way ANOVA).

Additional file 2: Figure S2. For alpha diversity, Shannon indices were
compared between four groups: healthy dogs (Healthy), cAD-affected
dogs without medical treatment (cADpre), cADpre dogs that received 2
weeks of oclacitinib treatment (cADpost), and cAD-affected dogs already
on oclacitinib treatment (cADtreat). The comparisons were made in 12
skin sites: abdomen (a), axilla (b), cubital flexor (c), flank (d), front paw (e),
hind paw (f), inguinal area (g), medial pinnae (h), palmar metacarpal (i),
perilabial area (j), perineum (k) and ventral tail (I). Asterisks (*) indicate
p-values showing significant correlations (p< 0.05) are presented.

Additional file 3: Figure S3. Beta diversity was analysed by CAPscale
analysis of Aichison distances and was compared between four groups:
healthy dogs (Healthy), cAD-affected dogs without medical treatment
(cADpre), cADpre dogs that received 2 weeks of oclacitinib treatment
(cADpost), and cAD-affected dogs already on oclacitinib treatment
(cADtreat) in 12 skin sites: abdomen (a), axilla (b), cubital flexor (c), flank
(d), front paw (e), hind paw (f), inguinal area (g), medial pinnae (h), palmar
metacarpal (i), perilabial area (j), perineum (k) and ventral tail (1).

Additional file 4: Figure S4. Differentially abundant bacterial taxa at the
phylum level between two groups; healthy and cADpre, cADtreat and
healthy, or cADpre and cADpost in four selected skin sites; abdomen (a),
front paw (b), perilabial area (c), and ventral tail (d). Differentially abundant
taxa (g < 0.1) are presented in the plots; blue dots refer to phyla identified
by corncob, and orange dots refer to phyla identified by corncob and
ANCOM-BC.

Additional file 5: Figure S5. Differentially abundant bacterial taxa at

the genus level between two groups; healthy and cADpre, cADtreat and
healthy, or cADpre and cADpost in four selected skin sites; abdomen (a),
front paw (b), perilabial area (c), and ventral tail (d). Differentially abundant
taxa (g < 0.1) are presented in the plots; blue dots refer to genera identi-
fied by corncob, and orange dots refer to genera identified by corncob
and ANCOM-BC.

Additional file 6: Figure S6. Correlation of pruritis score (PVAS) and bac-
terial taxa at the phylum level (a) and at the genus level (b) in the four skin
sites: abdomen, front paw, perilabial area and ventral tail. P values showing
significant correlations (p < 0.05) are presented.

Additional file 7: Figure S7. Of the twelve investigated skin sites, the
abundance of Staphylococcus was associated with cAD in the skin sites,
showing a significant difference at five sites when compared between
dogs with untreated cAD (cADpre) and healthy dogs; these sites were

the abdomen (a), axilla (b), cubital flexor (c), palmar metacarpal (d), and
perilabial area (e). Three sites, the flank (f), front paw (g), and hind paw (h),
also showed a tendency towards a higher abundance of Staphylococcus
in cADpre dogs than in healthy dogs. Marginal effects for each compari-
son are shown in the left column plots with 95% confidence intervals
(whiskers); the p value for the comparison between cADpre and Healthy is
shown. The p values were corrected using the Turkey method for compar-
ing a family of three estimates. The abundance of Staphylococcus in each
of these skin sites correlated with its respective CADESI-04 score (i-p).

Additional file 8: Figure S8. Data related to Fig. 3. The mean abundances
of the 10 predominant Staphylococcus spp. are presented in the 12 skin

sites: abdomen, axilla, cubital flexor, flank, front paw, hind paw, inguinal
area, medial pinnae, palmar metacarpal, perilabial area, perineum and
ventral tail. Abundances are shown per study group; healthy dogs, cAD-
affected dogs before treatment (cADpre), cADpre dogs that received 2
weeks of oclacitinib treatment (cADpost) and cAD-affected dogs already
on treatment (cADtreat) are presented.

Additional file 9: Figure S9. Data related to Fig. 4. Differentially abundant
taxa in the gut at the phylum level between the two groups (p < 0.1)

are shown. The groups compared are indicated in each panel: (left)
cAD-affected dogs that did not receive medical treatment (cADpre) vs.
healthy dogs (Healthy); (middle) cAD-affected dogs on medical treatment
(cADtreat) vs. Healthy; (right) cADpre dogs that received 2-week oclaci-
tinib treatment (cCADpost) vs. cADpre. Blue dots refer to phyla identified

by corncob, and orange dots refer to phyla identified by corncob and
ANCOM-BC.

Additional file 10: Figure S10. Correlation of bacterial taxa in the gut
and canine clinical score (CADESI-04; total score; a and b) or pruritis score
(PVAS; c and d) at the phylum level (a and c) and at the genus level (b and
d). P values showing significant correlations (p< 0.05) are presented.

Additional file 11: Figure S11.The PHRED-scaled genotype likelihood of
nucleotide variants in the mitochondrial genome identified in each dog
are presented in a heatmap. This value ranges between 0 and 255, with 0
being the strongest support of a variant (displayed in black). Positions with
no variant call are displayed in white. These variant patterns divide the
dogs into three clusters that agree with the mitochondrial haplogroups
assigned: A, B and C. The two mitochondrial haplogroups with more than
10 dogs included, haplogroup A (excluding A64, because its variant profile
is markedly different) and C, were selected for further analysis of the faecal
microbiota.

Additional file 12: Figure S12. An association between the mitochon-
drial haplogroup and skin microbiota in axilla was evaluated. Alpha
diversity was compared between skin bacteria in axilla of dogs with
haplogroup A and that of dogs with haplogroup C in 3 groups: cADpost,
cADtreatment and healthy (a, left panel), and in all three groups together
(b, right panel). No difference was observed in alpha diversity between
dogs with haplogroup A and those with C in both models (panel a:p =
0.8531; panel b: beta p = 0.8512, estimate = -0.042). Beta diversity was also
compared between these two haplogroups (c). The Aitchison distance
between haplogroups A and C showed no significant differences (p =
0.7956). Neither haplogroup (p = 0.7971) nor the separation at the x-axis
(CAP1, p = 0.7955) was significant; p values were calculated using 99,999
permutations using an ANOVA-like permutation test for constrained cor-
respondence analysis. The differentially abundant bacterial taxa between
haplogroups A and C at the phylum level (d) and at the genus level (e) are
presented (g < 0.1); blue dots refer to genera identified by corncob, and
orange dots refer to genera identified by corncob and ANCOM-BC.

Additional file 13: Figure S13. An association between the mitochon-
drial haplogroup and skin microbiota in medial pinnae was evaluated.
Alpha diversity was compared between skin bacteria in medial pinnae of
dogs with haplogroup A and that of dogs with haplogroup C in 3 groups:
cADpost, cADtreatment and healthy (a, left panel), and in all three groups
together (b, right panel). No difference was observed in alpha diversity
between dogs with haplogroup A and those with C in both models (panel
a,p=0.7110; panel b, beta: p = 0.6320, estimate = -0.094). Beta diversity
was also compared between these two haplogroups (c). The Aitchison dis-
tance between haplogroups A and C showed no significant differences (p
= 0.3495). Neither haplogroup (p = 0.3497) nor the separation at the x-axis
(CAPT, p = 0.3498) was significant; p values were calculated using 99,999
permutations using an ANOVA-like permutation test for constrained cor-
respondence analysis. The differentially abundant bacterial taxa between
haplogroups A and C at the phylum level (d) and at the genus level (e) are
presented (g < 0.1); blue dots refer to genera identified by corncob, and
orange dots refer to genera identified by corncob and ANCOM-BC.

Additional file 14: Figure S14. An association between the mitochon-
drial haplogroup and skin microbiota in front paw was evaluated. Alpha
diversity was compared between skin bacteria in front paw of dogs with
haplogroup A and that of dogs with haplogroup C in 3 groups: cADpost,
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cADtreatment and healthy (a), and in all three groups together (b). No
difference was observed in alpha diversity between dogs with haplo-
group A and those with Cin both models (a, p = 0.903; b, beta: p = 0.9210,
estimate =-0.028). Beta diversity was also compared between these two
haplogroups (c). The Aitchison distance between haplogroups A and C
showed no significant differences (p = 0.8515). Neither haplogroup (p =
0.8516) nor the separation at the x-axis (CAP1, p = 0.8481) was significant;
p values were calculated using 99,999 permutations using an ANOVA-

like permutation test for constrained correspondence analysis. The
differentially abundant bacterial taxa between haplogroups A and C at the
genus level (d) are presented (g < 0.1); blue dots refer to genera identified
by corncob, and orange dots refer to genera identified by corncob and
ANCOM-BC. No differentially abundant bacterial taxa at the phylum was
identified between the haplogroups.

Additional file 15: Table S1. Age and sex distribution of dogs involved in
the study. Table S2. Correlation analysis between bacterial taxa and clini-
cal score (CADESI-04) to select the skin sites for further analysis. Table S3.
Statistical summary of the differentially abundant skin bacterial taxa at the
phylum level. Table S4. Statistical summary of the differentially abundant
skin bacteria at the genus level. Table S5. Correlation of Staphylococcus
abundance and CADESI-04 score in each skin site was compared between
dog groups. Table S6. Mean relative abundance of the 10 most abundant
Staphylococcus spp. in the skin samples form healthy, cADpre, cADpost
and cADtreat dogs. Data from 12 skin sites are presented. Percent identity
of the best hit from NCBI Nucleotide BLAST is presented in each classified
species. Table S7. Data related to Fig. 3. Statistical summary of differen-
tially abundant Staphylococcus spp. between dog groups. Table S8. Mean
relative abundance of bacterial taxa at the phylum level in faecal samples
from all four dog groups. Table $9. Mean relative abundance of bacte-
rial taxa at the genus level in the faecal samples in all four dog groups.
Table S10. Statistical summary of the differentially abundant faecal and
skin bacterial taxa between mtDNA haplogroups A and C.

Additional file 16: Supplementary_Material_S1.

Additional file 17: Supplementary_Material_S2.
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