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Abstract

Background Evidence suggests a link between attention-deficit/hyperactivity disorder (ADHD) and the gut micro-
biome in humans. Dogs are a valuable model for ADHD research, as their gut microbiome more closely resembles
the human gut microbiome in composition and functional overlap compared to rodent models. This study inves-
tigated potential associations between dogs' ADHD-related traits and gut microbiome composition/diversity. We
assessed inattention, Hyperactivity, impulsivity, and related functional impairments of 164 family dogs using the vali-
dated Dog ADHD and Functional Rating Scale, and analysed bacterial 165 rRNA gene sequences from their faecal
samples to assess the gut microbiome composition.

Results Higher relative abundance of members of the family Prevotellaceae and genus Prevotella was associated
with lower inattention and inattention-related functional impairment scores by both decision tree and Generalized
Linear Model analyses.

Hyperactivity, impulsivity, and related functional impairments were found to be moderated by age, suggesting
that these traits are predominantly age-related and only secondarily influenced by microbiome composition.
ADHD total score was negatively associated with Erysipelotrichaceae and positively associated with Alloprevotella.

Dogs with higher functional impairment scores had lower alpha-diversity in their gut microbiome, probably indicat-
ing reduced microbial health.

Conclusions This is the first study that found negative associations between inattention and the relative abundance
of Prevotellaceae in dogs, which parallels findings in human studies. Our current correlational results in family dogs
represent only the first step in gaining more insight into the interplay of gut microbiome and neurodevelopmental
processes in non-human animals.
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Background

Attention-deficit/hyperactivity disorder (ADHD) is
a significant human mental health problem, which is
characterized by developmentally impaired inattention,
hyperactivity, and impulsivity symptoms [3, 62]. Inatten-
tion refers to a diminished capacity to maintain focus on
tasks, coupled with distractibility, forgetfulness, disor-
ganization, and a tendency to avoid activities demand-
ing prolonged effort [3, 58]. Hyperactivity is marked by
excessive motor activity, frequently evident through
constant restlessness, fidgeting, and challenges in stay-
ing still or seated in situations where such composure is
anticipated [3, 29]. Finally, impulsivity is identified by a
proclivity to act on immediate urges or stimuli without
adequate forethought and conscious judgement, distin-
guishing it from individuals with comparable levels of
knowledge and capability [3, 5].

Dogs were demonstrated to naturally exhibit symptoms
similar to human neurodevelopmental disorders [2, 84],
including ADHD [11, 12]. Different questionnaires were
developed to assess ADHD-related characteristics in
family dogs (reviewed in [19]), but only a few recent stud-
ies attempted to assess the functional impairment effects
related to dogs’ inattention, hyperactivity, and impulsiv-
ity in their everyday life or a training environment [20,
21]. It is important to note that the first steps for human
analogue diagnostics have already been taken for assess-
ing ADHD-like behaviour in dogs [20, 31]. These stud-
ies found that inattention correlated negatively with
age, positively with neutering status and negatively with
training level [19, 20, 50]. Hyperactivity was negatively
associated with age [20, 76], while impulsivity correlated
negatively with age and training level [20, 76]. Csibra
et al. [20] also found correlations between some func-
tional impairment scores of the ADHD factors and age,
sex, neutering status, and training level.

In humans, the aetiology and pathophysiology of
ADHD include genetic (e.g. [26, 55]) and environmen-
tal (e.g. [55, 74]) risk factors, including the gut micro-
biome (e.g. [13, 14]). The gut microbiome can affect
the development and function of the brain through
the brain-gut-microbiome axis [52], which is a bidirec-
tional communication network. Possible mechanisms
by which the gut microbiome could affect brain devel-
opment and function involve microbial metabolites,
amino acid metabolites, immune factors, and neuro-
transmitters [9, 51, 52]. There is evidence that several
neurotransmitters (some involved in ADHD symptoms)
can be produced or their production can be influenced
by gut microbiota. For example, some Lactobacillus
produce acetylcholine; Lactobacillus and Bifidobac-
terium produce gamma-aminobutyric acid (GABA);
Bacillus, Serratia, Morganella, and Klebsiella produce
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dopamine; Escherichia, Bacillus, and Saccharomyces
produce noradrenaline; and Candida, Streptococcus,
Escherichia, Morganella, Hafnia, and Enterococcus pro-
duce serotonin [17, 33, 56].

The gut microbiota composition of dogs is partly sim-
ilar to that of humans [23, 37, 39], presumably because
they live in the same environment and may also have a
partially similar diet (in terms of higher starch/carbo-
hydrate content), even though depending on the diet,
certain bacterial taxa differ in both species [1, 23]. Inter-
estingly, the dog gut microbiome more closely resembles
the human gut microbiome in composition and func-
tional overlap compared to rodent models [2, 23, 37].
Coelho et al. [23] showed on the phylum level that the
mouse gut microbiome is composed of more Firmicutes
and less Actinobacteria and Proteobacteria compared to
the human and dog gut microbiomes. Alessandri et al.
[1] reported that 23 genera were present in both dogs’
and humans’ gut microbiomes. From these, Bacteroides
was the only one with a>10% relative abundance in both
species, but Faecalibacterium, Blautia, Romboutsia,
Clostridium sensu stricto 1, Sutterella, and Escherichia-
Shigella were also present with > 1% relative abundance in
at least one of the species. Ito et al. [39] found that Blau-
tia and Streptococcus were among the top five dominant
genera in both dog and human gut microbiomes, and fur-
ther genera, such as Bacteroides, Erysipelatoclostridium,
Romboutsia, and Escherichia-Shigella, were also present
in both species in lower abundance. From these bacteria
inhabiting the gut of both humans and dogs, some may
produce similar neurotransmitters and/or metabolites,
which may similarly influence the development and func-
tion of the brain in both species (e.g. [31, 42]).

Compared to typical controls, in ADHD patients,
some microbial taxa were detected with higher rela-
tive abundance (e.g. families: Peptostreptococcaceae,
Bacteroidaceae, Moraxellaceae; genera: Fusobacterium,
Intestinibacter, Desulfovibrio) or lower relative abun-
dance (e.g. families: Lachnospiraceae, Ruminococcaceae,
Prevotellaceae; genera: Coprococcus, Lachnoclostridium,
Faecalibacterium) (for reviews see [13, 14]). Some stud-
ies investigated ADHD factors separately and identified
associations between the relative abundance of certain
bacterial taxa and ADHD factors. Prehn-Kristensen et al.
[63] found a positive correlation between Bacteroides and
hyperactivity as well as impulsivity scores, but did not
discuss these findings. Jiang et al. [40] showed a negative
correlation between Faecalibacterium and the hyperac-
tivity score and suggested that since Faecalibacterium
has anti-inflammatory properties, its low relative abun-
dance in ADHD patients may impact brain development
through elevated levels of inflammatory cytokines. Szo-
pinska-Tokov et al. [80] showed a trend of Coprococcus
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Table 1 Previous studies examining dogs’ gut microbiome communities from faeces. NR: not reported, BARF: bones and raw food

Study N/sex/breed/age Diet Taxa Most common (>10%
relative abundance)
Ericsson et al. [27] 16, Purina Lab Diet 5006 Phyla Bacteroidetes (33.43%)
all females Firmicutes (33.38%)
lab beagles, Fusobacteria (23.21%)
24-96 months Families Fusobacteriaceae (23.20%)
Bacteroidaceae (18.78%)
Ruminococcaceae (13.23%)
Genera Fusobacterium (23.20%)
Bacteroides (14.96%)
Faecalibacterium (11.23%)
Hand et al. [34] 11, dry food (N=8), vet diet (N=1), Phyla Fusobacteria (39.17%)
females (N=7) males (N=4), wet food (N=1), trial diet BS0670 (N=1) Bacteroidetes (33.36%)
all miniature schnauzers, Firmicutes (15.81%)
14-136 months Proteobacteria (11.31%)
Genera Fusobacterium (NR)
Bacteroides (NR)
Cetobacterium (NR)
Handl et al. [35] 12, NR Phyla Firmicutes (95.36%)
females (N=6) males (N=6), Genera Clostridium (22.73%)
6 breeds and 5 mongrels, Ruminococcus (17.37%)
7-122 months
Kubinyi et al. [47] 29, Dry food (N=8), cooked food (N=1), Phyla Bacteroidetes (33.30%)
females (N=15) males (N=14), BARF (N=2), mixed diet (N=18) Firmicutes (33.00%)
8 breeds and 12 mongrels, Fusobacteria (24.40%)
36-156 months Genera Fusobacterium (24.20%)
Bacteroides (21.10%)
Alessandri et al. [1] 169, Dry food (N=141), BARF (N=28) Phyla Bacteroidetes (33.68%)
females (N=108) Fusobacteria (25.53%)
males (N=61), Firmicutes (23.56%)
51 breeds, Genera Fusobacterium (25.36%)

2-156 months

Prevotella 9 (13.86%)
Bacteroides (13.43%)

2 being negatively associated with the inattention score,
but did not interpret this finding.

Most studies did not find a difference in the gut micro-
biota diversity between ADHD patients and typical con-
trols [13, 40, 65]. Notable exceptions include the study
of Prehn-Kristensen et al. [63], who found that Shannon
diversity of the gut microbiome was significantly lower
in ADHD patients, and they also had different microbi-
ota composition compared to typical controls. Fan et al.
([28], preprint) showed that the alpha-diversity estima-
tors were all lower in predominantly inattentive children
compared to control children.

There has been very little research on the relationship
between ADHD and the microbiome in non-human
species. In germ-free mice colonized with the faeces
of ADHD patients (ADHD mice), alpha-diversity did
not differ between control mice and ADHD mice, but
unknown Clostridiales and 10 out of 17 genera from
Lachnospiraceae were elevated in ADHD mice, and the
families Porphyromonadaceae, Eubacteriaceae, Chris-
tensenellaceae, and Ruminococcaceae were less abundant
in ADHD mice [82]. Interestingly, these findings do not

seem to correspond with the results of human studies
mentioned above. It was also found that the ADHD mice
showed more anxiety in an open field test than control
mice and that Anaerostipes, Roseburia (both from the
Lachnospiraceae family), and Ruminococcaceae UCG-004
(family Ruminococcaceae) all positively correlated with
anxiety levels [82].

Dogs are an ideal model species for studying the phe-
nomenon because, unlike mice, they spontaneously
develop symptoms typical of human ADHD. For dogs,
the validated Dog ADHD and Functionality Rating Scale
(DAERS), developed and validated by Csibra et al. [20,
21], offers a useful method for assessing their inattention,
hyperactivity, impulsivity, and related functional impair-
ments. However, in dogs, the association between the gut
microbiota community and ADHD-related trait scores
has not been studied yet.

In family dogs, several studies investigated the commu-
nity composition of the gut (see Table 1). Most of these
studies found the same three phyla (Fusobacteria, Bacte-
roidetes, and Firmicutes) and two genera (Fusobacterium
and Bacteroides) with great variation in their relative
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Fig. 1 Family-level gut microbiota composition in the faecal samples of 164 companion dogs. We visualized the 10 most abundant bacterial

families based on Additional file 1: Table S1

abundances, except Handl et al. [35] who reported almost
exclusively Firmicutes in dogs’ faeces. The variation in the
results was possibly due to a combination of the sample
size, age, diet, breed, and molecular methods, and neither
study could control for all of these variables.

As a first step to investigate such similarities and differ-
ences, this study aimed to examine the gut microbiome
composition in a large, diverse sample of family dogs, and
to identify associations between their ADHD traits and
(i) the community composition of their gut microbiota
and (ii) their microbial diversity. We assumed that if the
functional links between microbiome composition/diver-
sity and ADHD traits (inattention, hyperactivity, impul-
sivity) are based on evolutionarily relatively conserved
but environment-modulated processes, then similar
associations could be found in companion dogs to those
reported in humans.

Results

Gut microbiome composition

A total of 7,059,096 High-quality bacterial 16S ribosomal
ribonucleic acid (rRNA) gene sequences were obtained

from the faecal samples (43,043+13,889 reads per
sample).

Three major phyla (represented by >10% relative abun-
dance of the total bacterial community on average) were
identified in the dogs’ faecal microbiome: Firmicutes
(mean: 43.16%, standard deviation[SD] 20.50), Bacteroi-
detes (mean: 26.51%, SD 14.74) and Fusobacteria (mean:
24.04%, SD 15.20). Also, five major families (>10% rela-
tive abundance on average; Fig. 1; Additional file 1:
Table S1) and three main genera (>10% relative abun-
dance on average; Fig. 2; Additional file 1: Table S2) were
identified.

Associations with ADHD scores

Decision tree analyses

In the case of inattention, on the family level, the first
split in the decision tree model was based on the rela-
tive abundance of Prevotellaceae, yielding three groups
(F(2,161)=6.963, p=0.045; Fig. 3A; Additional file 1: Fig.
S1A). Based on the relative abundance of Prevotellaceae,
a further split was made based on Lachnospiraceae rela-
tive abundance (F(; g5, =8.505, p=0.041; Fig. 3A).
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On the genus level, the first split in the inattention
score was based on the relative abundance of Prevotella
(F(1,162=15.679, p=0.001; Fig. 3B; Additional file 1:
Fig. S1B). In the group with lower abundance of Prevo-
tella, a further split was made based on Streptococcus
relative abundance (F(; g5)=8.234, p =0.04; Fig. 3B).

In the case of the inattention-related functional
impairment, considering bacterial families, a split was
made based on the relative abundance of Prevotellaceae
(F1,162=12.486, p=0.005; Fig. 4A; Additional file 1:
Fig. S1C).

On the genus level, the first split in the inattention-
related functional impairment score was based on the
relative abundance of unclassified lineages of Bacte-
roidales (F 155)=11.666, p=0.006; Fig. 4B; Additional
file 1: Fig. S1D). In the group with the higher relative
abundance of these lineages, a further split was made
based on the relative abundance of unclassified line-
ages of Succinivibrionaceae (F ; ;3,=10.119, p=0.009;
Fig. 4B).

As Hyperactivity, impulsivity, ADHD total, Hyper-
activity-related functional impairment, and impulsiv-
ity-related functional impairment scores were split

predominantly by age and only secondarily by micro-
biome, the results and decision trees related to these
factors are presented in Additional file 1 (see Fig-
ures S2-56, respectively). The correlation between age
and the ADHD scores can also be found in Additional
file 1: Table S3.

Generalized linear model analyses
The main findings of the decision trees were supported
by the Generalized Linear Model (GzLM) results, and
further associations were revealed. Despite the numerous
significant associations found between ADHD scores and
microbiome taxons in the models (see Additional file 1:
Table S4 for family level and Additional file 1: Table S5
for genus level), we excluded several of them based on
their High uncertainty due to their wide 95% Wald con-
fidence intervals. We only present the results of highly
certain associations (see Fig. 5). Microbial effects were
stronger than demographic/other effects (age, weight,
diet, training).

On the family level, inattention was affected by Prevo-
tellaceae (Wald y*>=7.462, p=0.006), while on the genus
level, it was affected by Prevotella (Wald y*>=8.277,
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Fig. 3 Decision tree model for inattention about the relative abundance of bacterial families (A) and genera (B). Scores in the squares: inattention
score mean = SD. The percentage above the boxes shows the relative abundance of the taxa (family or genus) that the split is based on. Green
shows lower, while red shows higher inattention score compared to the node that was split by the bacterial taxa
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Fig. 4 Decision tree model for functional impairment of inattention about the relative abundance of bacterial families (A) and genera (B). Scores
in the squares: mean functional impairment of inattention score + SD. The percentage above the boxes shows the relative abundance of the taxa
(family or genus) that the split is based on. Green shows lower, while red shows higher inattention-related functional impairment score compared

to the node that was split by the bacterial taxa

p=0.004). Dogs with higher inattention scores had lower ~ the interaction of age and weight (Wald y*=18.912,
relative abundance of Prevotellaceae and Prevotella. p<0.001).

On the family level, hyperactivity was affected by age On the family level, impulsivity was affected by age
(Wald y*=13.075, p<0.001), weight (Wald x*=8.957, (Wald y*=11.568, p<0.001), weight (Wald y*=5.601,
p=0.003), while on the genus level, it was affected by p=0.018), and the interaction of age and training (Wald
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confidence interval

¥*=10.279, p=0.016). For a given age (age*training),
dogs with no training had higher impulsivity compared
to dogs with special non-olfactory (Wald y*=5.533,
p=0.019) and special olfactory training (Wald y*=3.911,
p=0.048), but not with basic obedience training (Wald
x*=0.049, p=0.825). On the genus level, impulsivity
was affected by the interaction of age and weight (Wald
x*=13.458, p<0.001), weight (Wald y*=4.849, p=0.028),
diet (Wald y*=7.483, p=0.024), and the interaction of
diet and weight (Wald y*=8.429, p=0.015). The effect
of diet was driven by the higher impulsivity of raw
only compared to kibble only feeding (Wald y*=7.363,
p=0.007); the impulsivity of raw only and mixed feeding
did not differ (Wald y*=2.977, p=0.084). However, for
a given weight (diet*weight), raw only feeding was asso-
ciated with lower impulsivity compared to kibble only
feeding (Wald x*=8.026, p=0.005), but not mixed feed-
ing (Wald y*=3.627, p=0.057).

On the family level, ADHD total was affected by age
(Wald y*=12.288, p<0.001), weight (Wald y*=14.555,
£<0.001), diet (Wald y2=14.332, p=0.002), the inter-
action of diet and weight (Wald y*=8.429, p=0.015),
training (Wald y*=3.948, p=0.047), and Erysipel-
otrichaceae (Wald y*=4.459, p=0.035). Dogs with
higher ADHD total score had lower relative abundance

of Erysipelotrichaceae. The effect of training was driven
by the higher ADHD total score of untrained dogs
compared to dogs with special non-olfactory train-
ing (Wald y*=12.82, p<0.001); the ADHD total score
did not differ between no training and basic obedience
(Wald x*=0.476, p=0.49) or special olfactory train-
ing (Wald y*=3.828, p=0.0501). On the genus level,
ADHD total was affected by age (Wald x*=20.295,
p<0.001), weight (Wald x*=30.177, p <0.001), diet (Wald
x*=12.24, p=0.002), the interaction of diet and weight
(Wald y*=14.11, p<0.001), training (Wald y*>=10.081,
p=0.018), and Alloprevotella (Wald x*=4.558, p=0.033).
Dogs with higher ADHD total scores had higher rela-
tive abundance of Alloprevotella. Raw only fed dogs
had higher ADHD total score compared to kibble only
(Wald y*=12.198, p<0.001) and mixed fed dogs (Wald
X’=7.371, p=0.007). The effect of training was driven
by the higher ADHD total score of untrained dogs com-
pared to dogs with special non-olfactory training (Wald
x*=9.611, p=0.002); the ADHD total score did not dif-
fer between no training and basic obedience (Wald
x*=0.577, p=0.447) or special olfactory training (Wald
x*=1.038, p=0.308). Interestingly for a given weight
(diet*weight), raw only feeding was associated with
lower ADHD total score compared to kibble only feeding
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(Wald y*=13.982, p<0.001) and mixed feeding (Wald
x*=10.455, p=0.001).

On the family level, inattention-related functional
impairment was affected by the interaction of age and
weight (Wald x*=9.178, p=0.002), while on the genus
level, it was affected by the interaction of age and weight
(Wald y*=12.486, p<0.001).

On the family level, hyperactivity-related functional
impairment was affected by age (Wald y*=18.213,
p<0.001) and training (Wald y*=11.991, p=0.007). The
effect of training was driven by the higher hyperactivity-
related functional impairment of untrained dogs com-
pared to dogs with special non-olfactory training (Wald
x’=8.6, p=0.003); hyperactivity-related functional
impairment did not differ between dogs with no train-
ing and basic obedience (Wald y*=2.08, p=0.149) or
special olfactory training (Wald y>=0.028, p=0.867). On
the genus level, hyperactivity-related functional impair-
ment was affected by the interaction of age and weight
(Wald y>=21.153, p<0.001) and training (Wald y*=12.5,
p=0.006). The effect of training was driven by the higher
hyperactivity-related functional impairment of untrained
dogs compared to dogs with special non-olfactory train-
ing (Wald y*=9.612, p=0.002); hyperactivity-related
functional impairment did not differ between dogs
with no training and basic obedience (Wald y*=2.53,
p=0.112) or special olfactory training (Wald y*>=0.002,
p=0.967).

On the family level, impulsivity-related functional
impairment was affected by age (Wald y*=10.32,
p=0.001) and training (Wald y*=9.246, p=0.026). The
effect of training was driven by the higher impulsivity-
related functional impairment of untrained dogs com-
pared to dogs with special non-olfactory training (Wald
¥'=9.157, p=0.002); impulsivity-related functional
impairment did not differ between dogs with no training
and basic obedience (Wald y*=1.03, p=0.31) or special
olfactory training (Wald y*=1.861, p=0.172). On the
genus level, impulsivity-related functional impairment
was affected by the interaction of age and weight (Wald
x*=18.613, p<0.001).

Alpha-diversity estimators
Decision tree analyses
The decision tree analysis did not split the inatten-
tion, hyperactivity, impulsivity, ADHD total, functional
impairment of hyperactivity, and impulsivity scores
based on the alpha-diversity estimators.

In the case of the inattention-related functional impair-
ment score, a split was based on the number of observed
species (sobs) (F(; 162 =15.499, p=0.001; Fig. 6).
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Fig. 6 Decision tree model for functional impairment of inattention
about the number of observed species (sobs). Scores in the squares:
mean functional impairment of inattention score + SD. The number
above the boxes shows the mean number of observed species

that the split is based on. Green shows lower, while red shows
higher inattention-related functional impairment score compared
to the node that was split by sobs

Generalized linear model analyses

Sobs influenced inattention (Wald y*>=4.924, p=0.026),
impulsivity (Wald y*=3.93, p=0.047), ADHD total
(Wald y>=5.114, p=0.024) and inattention-related func-
tional impairment (Wald y*>=7.065, p=0.008), but not
hyperactivity, hyperactivity-related functional impair-
ment and impulsity-related functional impairment. None
of the ADHD factors and functional impairment scores
were affected by the inverse Simpson.

Alpha-diversity of clusters

The cluster analysis of the ADHD factor scores yielded
two clusters: a cluster containing subjects with lower
mean ADHD scores (Inattention: 3, Hyperactivity: 3 and
Impulsivity: 3), and another cluster with subjects with
higher mean ADHD scores (Inattention: 5, Hyperactiv-
ity: 7 and Impulsivity: 10). There was no difference in the
alpha-diversity of the bacterial community between the
two clusters (sobs: UU=3355, p=0.251; inverse Simpson:
U=3252, p=0.429).

The cluster analysis of the functional impairment
scores also divided the sample into two clusters: one con-
taining subjects with lower mean functional impairment
scores (Inattention: 1, Hyperactivity: 1, and Impulsivity:
1), and another cluster with subjects with higher mean
functional impairment scores (Inattention: 5, Hyperactiv-
ity: 4, and Impulsivity: 5). The bacterial community was
significantly richer in the cluster with lower functional
impairment scores (sobs: U/=1552, p=0.012; Fig. 7),
while the inverse Simpson index did not differ between
the two clusters (/=1858, p=0.213).
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Fig. 7 Boxplots showing the number of observed bacterial species
in the two clusters. The lower functional impairment cluster contains
dogs with scores of Inattention: 1, Hyperactivity: 1, and Impulsivity: 1.
The Higher functional impairment cluster contains dogs with scores
of Inattention: 5, Hyperactivity: 4, and Impulsivity: 5

Discussion

This is the first study that associates microbiota with
ADHD trait scores and their functional impairments in
dogs. We identified microbiota parallels (e.g. Prevotel-
laceae) with human ADHD studies and the link between
gut microbiota composition and functional impairment
in dogs is particularly novel.

Our first aim was to investigate the gut microbiome
community composition of a large sample of family dogs,
and we found that the three most abundant phyla, Fir-
micutes, Bacteroidetes, and Fusobacteria, were the same
as in previous studies [1, 27, 34, 47]however, differ-
ences were found in their relative abundance. The major
bacterial families identified in our study, such as Bacte-
roidaceae, Lachnospiraceae, and Prevotellaceae, were
in part similar to those found in certain studies in dogs
(e.g. [1, 27]), and in the human gut as well [1]. However,
Handl et al. [35] reported Clostridiaceae and Rumino-
coccaceae as the most abundant bacterial families in dog
faeces. From the three main genera shown in this study,
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Fusobacterium and Bacteroides were in accord with pre-
vious research on dogs [1, 27, 34, 47], but in the study of
Handl et al. [35] Clostridium, Ruminococcus and Dorea
were the most abundant. The difference in the above
results could be due to the different methodology used,
as well as dogs’ diet, sex, breed, or age (see Table 1).

We found that many of the bacterial taxa associated
with ADHD factors were members of Firmicutes, even
though we did not analyse phylum-level associations.
This finding aligns with current literature showing an
association between Firmicutes and several dog behav-
iours, especially behavioural problems (for a review, see
[18]). A higher relative abundance of Firmicutes was
noted in aggressive dogs (e.g. [24, 43]), fearful dogs [67],
and dogs with anxiety (e.g. [60]), while a lower relative
abundance of Firmicutes was found in dogs with a higher
motivation score [24]. In the gut, Firmicutes have a role
in dietary fibre breakdown, carbohydrate digestion, and
short-chain fatty acid (SCFA) production, which can be
an energy source for the gut microbiota and for the host.
Its abundance has also been linked to glucose metabo-
lism, fatty acid oxidation, synthesis and expenditure, gut
permeability, and immune regulation [77]. Thus, espe-
cially the glucose metabolism and immune regulation,
may be associated with the abovementioned dog behav-
ioural problems. However, while these dog studies agree
on the phylum level, the associations with such behav-
iours or behavioural problems show variability on the
family and genus level.

Based on a large sample, our major aim was to inves-
tigate associations between bacterial community com-
position in the gut and ADHD traits in family dogs.
Considering inattention, at the family level, a negative
association was found with Prevotellaceae in both analy-
ses and in the decision tree analysis, a secondary nega-
tive association was found with Lachnospiraceae, similar
to that in predominantly inattentive children ([28], pre-
print). Further, Szopinska-Tokov et al. [80] observed in
adult humans with ADHD a negative trend-like asso-
ciation between inattention and the relative abundance
of Coprococcus 2, a genus within the Lachnospiraceae
family. Members of Prevotellaceae and Lachnospiraceae
are known to play a role in carbohydrate fermenta-
tion and degrading fibres, contributing to SCFA pro-
duction, including butyrate, which is involved in
maintaining intestinal homeostasis and has been linked
to anti-inflammatory effects [15, 86], and acetate serv-
ing as an energy source for the host [15, 44]. SCFAs can
also play a potential role in ADHD by modulating neuro-
transmission (increasing the rate-limiting enzymes in the
synthesis of neurotransmitters) and controlling the trans-
port of molecules in and out of the brain via influencing
blood-brain barrier permeability [25].
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At the genus level, we found partly similar associa-
tions compared to the family level. We found a negative
association between inattention and Prevotella in both
analyses, and in the decision tree analysis, a secondary
negative association was found with Streptococcus. Pre-
vious studies did not detect such associations in dogs or
humans, but Fan et al. ([28], preprint) reported negative
associations between inattention and the relative abun-
dance of several other bacterial genera, such as Rumino-
coccus 2, Coprococcus 1, and Alistipes in predominantly
inattentive children. In another context, a positive asso-
ciation was observed between the relative abundance
of Prevotella and working dogs’ motivation score [24].
Based on our results, attentional deficits are associated
with a lower relative abundance of Prevotella, similar to
our findings with Prevotellaceae on the family level.

The positive association between inattention and the
relative abundance of Streptococcus in dogs raises the
possibility that ADHD symptoms in dogs, as in humans,
can be associated with the dysregulation of various neu-
rotransmitters [31, 32]. Streptococcus may produce sero-
tonin through the transformation of tryptophan (e.g.
[56]), which, for example, regulates mood, cognition, and
social interactions in humans [6] by currently unclear
mechanisms and is associated with impulsiveness, fear,
and ADHD-like behaviour in dogs [31]. Further, some
Streptococcus may produce GABA [75] that regulates
mood and prevents inappropriate emotional and behav-
ioural responses in humans [42] and have been shown to
have a calming effect in dogs when orally administered
[85]. However, this result needs to be taken with caution,
since this was a secondary association and the relative
abundance of Streptococcus was, on average, low in the
samples.

Dogs’ inattention score and its functional impair-
ment score showed similar associations with the rela-
tive abundance of Prevotellaceae, which suggests
similar associations for both scores. However, this can-
not be stated at the genus level, as a negative associa-
tion between inattention-related functional impairment
and unclassified lineages of Bacteroidales and also a
secondary negative association was found with unclas-
sified lineages of Succinivibrionaceae. Bacteroidales
includes many families and genera known for their role
in polysaccharide degradation (e.g. [81]) and SCFA pro-
duction (e.g. [15, 44]). Unclassified lineages of Bacteroi-
dales may play a role similar to other well-characterized
members of the order, such as Prevotellaceae, which
have been shown to influence the gut-brain axis by
regulating SCFA production and maintaining homeo-
stasis (e.g. [15, 83]) as discussed above. The higher rela-
tive abundance of these unclassified taxa may indicate a
more robust and diverse microbial community capable
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of producing beneficial metabolites that contribute to
reduced functional impairment related to inattention
in dogs. However, it is important to note that the mean
relative abundance of these bacteria was low in the sam-
ples. The family Succinivibrionaceae includes strictly
anaerobic and microaerobic bacteria that are involved
in the production of succinate and acetate, major prod-
ucts during the fermentation of glucose and other
carbohydrates [72, 79]. Reports on the effects of Succin-
ivibrionaceae are scarce, which makes its negative asso-
ciation with inattention-related functional impairment
difficult to interpret, although members of this family
have been found in various faecal samples, such as that
of chicken, cow, cats, dogs, and humans [16, 30, 72],
some species having clinical importance, as being asso-
ciated with diarrhoea and bacteraemia [72]. In contrast
to the decision tree analysis, the more robust GzLMs
did not find an association between bacterial taxa and
inattention-related functional impairment.

The negative association between the ADHD total
score and Erysipelotriachaceae have not been reported
before in human ADHD studies. However, elevated lev-
els were reported in aggressive dogs compared to con-
trol dogs [54]. In contrast, a recent study found a lower
relative abundance of Erysipelotrichaceae UCG-003 in
a group of aggressive working dogs compared to non-
aggressive ones [78]. Dogs fed with a kibble diet were also
reported to have an increased abundance of Erysipelo-
triachaceae, and it was positively correlated with mark-
ers associated with carbohydrate digestion [7]. Of note,
related to the diet, we found that only kibble fed dogs had
lower impulsivity and ADHD total score than only raw
fed dogs.

At the family level, the GzLM showed a positive asso-
ciation between the ADHD total score and Alloprevo-
tella, which is in line with the finding of [65] reporting
elevated levels of Alloprevotella in ADHD patients, even
though its relative abundance did not differ significantly
from that of healthy controls. Interestingly, a recent study
in Thai pediatric patients found a positive association
between the relative abundance of Alloprevotella and
inattention (scored by the parent and the teacher) [57].
Since our ADHD total score is the sum of inattention,
hyperactivity, and impulsivity, our identified microbial
associations with this score should be considered in later
studies examining gut microbiota communities of ADHD
patients.

Age is a well-known mediating factor in both hyper-
activity and impulsivity [20, 50, 76], with older dogs
showing lower scores. In the decision tree analysis,
hyperactivity, impulsivity, and their functional impair-
ments were primarily associated with age and only sec-
ondarily with bacterial taxa, which were mostly unknown
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in terms of their function and/or association with ADHD
traits in dogs or humans. The GzLM family-level analy-
ses confirmed the effect of age for all these factors, while
on the genus level, the interaction of age and body weight
affected them. Still, in the case of impulsivity and impul-
sivity-related functional impairments, the findings are
further complicated by the fact that in young dogs, it is
harder to distinguish between impulsive individuals and
those that are just impetuous due to their age. Therefore,
these results need to be taken with caution, and further
experiments should be conducted to elucidate the pre-
cise relationship between age and hyperactivity/impul-
sivity. Although we did not find a main effect of age for
the diversity estimators, it is also known that the diversity
and community structure of the gut microbiome changes
with age, that is, decrease in bacterial diversity and/or
decrease or increase in some bacterial taxa with age (e.g.
[8, 10, 53, 90]) regardless of the impact of pathology. Of
note, in humans, age-related inflammation and gut dysbi-
osis are associated with several diseases and health con-
ditions, including neurodegenerative disorders [10].

Considering the analysis of dogs’ gut microbial diver-
sity, the GzLMs detected significant associations between
the number of observed species (sobs) and inattention,
impulsivity, ADHD total, and inattention-related func-
tional impairment scores, which is in contrast to some
human studies not reporting a difference in these esti-
mators between typical people and adults/children with
ADHD [14, 40, 65, 80]. In our alternative analysis, we
found that the total number of observed species (sobs)
was higher in dogs belonging to the cluster of a lower
functional impairment score, indicating that dogs with a
richer gut microbiome community are less likely to cause
ADHD-related problems to the owners. These findings
are in accord with other previous human studies [28, 63],
preprint), although they found an association with differ-
ent alpha-diversity estimators. Thus, these findings need
to be clarified even in humans.

Limitations

Being the first attempt to reveal associations between the
dog gut microbiome and some factors related to func-
tionality, this study naturally carries some inevitable limi-
tations. First, it is important to note that in contrast to
most human studies where ADHD versus typical groups
were compared, in dogs, we used a convenience sample
and continuous ADHD scores, like in all previous studies
[11, 12, 45]. Secondly, even though we confirmed several
already known associations between ADHD factors and
age or training level (e.g. [20]), we could not disentangle
the interactions of all potential influential factors, such
as diet or breed. We could not use breed in our analy-
sis due to the diversity of the breeds and the different
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number of individuals in each breed. We used the body
weight instead, which was found to have a strong corre-
lation with breed, even though it is not a perfect alter-
native, since some breeds may have similar weights in
general (e.g. [71]). Thus, replication experiments should
be done to confirm the consistency of our findings, as
well as further studies should focus on comparing vari-
ous age groups, dog breeds, or dogs with markedly differ-
ent diets. Finally, our results are limited to correlational
associations, and we could not establish cause-and-effect
relationships between ADHD factors/functional impair-
ments and microbial taxa. So far, little is known about
how exactly particular bacterial taxa may actually influ-
ence brain development and how these may be connected
to ADHD in humans, and further studies on the function
of these bacteria (e.g. metagenomic or metatranscrip-
tomic sequencing) and on dogs (e.g. follow-up feeding
experiments or probiotic/antibiotic interventions) may
help gaining more insight about these mechanisms and
clarify causality. Even so, in the future, these results may
have potential therapeutic implications for modulating
gut microbiota in managing ADHD-like behaviours in
dogs, and may be useful to humans as well.

Conclusions

In family dogs, we have identified microbial taxa from
Firmicutes, such as Prevotellaceae, that were associated
with inattention and its related functional impairment,
while hyperactivity, inattention, and their functional
impairments were associated with age and microbiome
interactions. This is the first study that examined such
microbiological associations and also the first that iden-
tified parallels with human studies. Some evidence from
previous studies in mice suggests ways in which these
bacteria may affect behavioural profiles, but identifying
and investigating those will require further studies in
dogs. Thus, our current results in family dogs can be
viewed as a first step in gaining deeper insight into these
processes.

Methods

Subjects

In this study, we analysed the data of 164 dogs from 21
breeds (1 basset Hound, 1 Bavarian mountain Hound, 17
beagles, 4 Belgian Malinois, 22 border collies, 16 cocker
spaniels, 5 short-haired German pointers, 1 wire-haired
German pointer, 6 German shepherd dogs, 19 golden
retrievers, 2 Groenendaels, 1 Hanover Hound, 9 Jack
Russell terriers, 20 Labrador retrievers, 5 Parson Russell
terriers, 1 petit basset griffon Vendéen, 1 small Miinster-
lander, 26 short-haired Hungarian vizslas, 3 wire-haired
Hungarian vizslas, 2 Tervuerens, 3 Weimaraners). The
sample contained 74 males (43 neutered) and 90 females
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(66 neutered), with ages ranging from 0.5 to 16 years
(mean: 5.1, SD: 4 years). Based on the owners’ reports,
dry food was the main diet of 87 dogs, 16 dogs were only
fed with raw meat, while 61 dogs had a mixed diet (that
could include dry food, raw meat, cooked meat, canned
food, and vegetables). All subjects were reported to be
healthy by their owners, based on their current behav-
iour, appetite, and general well-being. None of them were
diagnosed with ADHD, and none of them were under
medication (e.g. antidepressants, antibiotics, probiotics)
during or in the preceding month of the sampling. Dogs
received their regular ectoparasiticide treatment, and
older individuals could get supplements and other (e.g.
physiotherapy, acupuncture) treatments.

Sample collection and 16S rRNA gene amplicon
sequencing

Faecal samples were collected shortly before or after
the dogs had participated in an olfactory test [68—70].
Sample collection and microbiome analysis were con-
ducted as given by Kubinyi et al. [47]. The samples were
collected after spontaneous defecation and conserved
at—80 °C within 15 min. Gut microbiome composition
was assessed using amplicon sequencing of the bacterial
16S rRNA gene. Briefly, total genomic deoxyribonucleic
acid (DNA) extraction was performed using the QIAamp
Power Faecal DNA kit (Qiagen, Venlo, Netherlands) fol-
lowing the instructions given by the manufacturer, while
polymerase chain reaction (PCR) amplification of the tar-
get gene region was performed with primers B341F (5'-
CCT ACG GGN GGC WGC AG -3’ [36],) and 805NR
(5-GAC TAC NVG GGT ATC TAA TCC-3' [4],), as it
was described in detail in Lange-Enyedi et al. [49]. DNA
sequencing was performed on an Illumina MiSeq plat-
form using MiSeq standard v2 chemistry as a service
provided by the Genomics Core Facility RTSE, Michigan
State University, East Lansing, MI, USA.

16S rRNA gene amplicon analysis

Bioinformatic analysis of the sequence reads was carried
out with mothur v1.48 [73] using the MiSeq SOP (http://
www.mothur.org/wiki/MiSeq_SOP downloaded on 8th
January 2024). The deltaq parameter of the ‘make.con-
tigs’ command was adjusted to 10 for additional quality
filtering to eliminate sequencing errors. Primers were
removed from the start and the end of the sequences, and
singletons were also removed from the dataset, accord-
ing to Kunin et al. [48]. For sequence alignment and tax-
onomic assignments, the ARB-SILVA SSU Ref NR 138
reference database [64] was used. Chimaeras were identi-
fied and removed using the mothur-implemented version
of VSEARCH. Denoising was performed using mothur’s
pre.cluster command using the default algorithm [38] and
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applying the suggested 4-bp difference cutoff. Sequences
were preclustered, and the operational taxonomic units
(OTUs) were assigned at a 97% nucleotide sequence simi-
larity level with the OptiClust algorithm [88]. Taxonomic
assignment was carried out applying 1000 iterations and
a minimum bootstrap confidence score of 80%. Reads of
non-bacterial origin (e.g. Archaea, chloroplasts, mito-
chondria, Eukaryota, unknown) were removed from the
dataset. For subsequent statistical analyses, reads were
subsampled between samples to the read number of the
sample with the lowest sequence count. Relative abun-
dances were calculated from the OTUs, and taxa were
filtered to retain only those with>0.01% mean relative
abundance and 50% prevalence (present in at least 50%
of the samples) on each taxonomic level. Raw sequence
reads have been deposited in the NCBI Sequence Read
Archive under BioProject ID PRINA1297675.

Questionnaire for dog ADHD assessment
We used the DAFRS to assess ADHD-related traits of
the tested dogs [20]. The DAFRS was developed in col-
laboration with a clinical expert and researcher who had
extensive experience in ADHD and associated problems
in humans. Further, the entire development process was
evaluated and discussed with veterinarians specializing
in dog behaviour, including a diplomat from the Euro-
pean College of Animal Welfare and Behavioural Medi-
cine and a European Veterinary Specialist in Behavioural
Medicine. Ethologists, clinicians, and researchers spe-
cializing in human ADHD as well as certified dog train-
ers contributed their knowledge during the questionnaire
development too [20, 22]. The DAFRS questionnaire con-
sists of 17 items, and the owners were asked to score How
frequently they experienced the behaviours of their dogs
mentioned in the questionnaire using a 4-point scale.
The questionnaire assessed three factors: Inattention (6
items), Hyperactivity (4 items), and Impulsivity (7 items).
The points given for the items were summed to get the
factor scores. To calculate the ADHD total score, the
three factor scores were weighted based on the number
of items they contained, and the three weighted scores
were summed. The internal consistency, test—retest reli-
ability, interrater reliability, and convergent validity of the
DAERS is reported in Csibra et al. [20]. Briefly, the inter-
nal consistency was good for inattention and hyperactiv-
ity, while it was excellent for impulsivity. The test-retest
analyses demonstrated excellent agreement between
measurements for all subscales. The interrater reliability
analyses showed fair (inattention) to moderate (hyperac-
tivity and impulsivity) agreement between dog trainers
and owners, similar to found in the case of humans.
Another three items summarized the functional
impairment caused by the behaviours described in the
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ADHD factors. The owners scored the functional impair-
ment of inattention, Hyperactivity, and impulsivity on a
10-point scale answering the following question (one for
each ADHD factor): to what extent does your dog’s inat-
tention/hyperactivity/impulsivity cause a problem for
you in everyday life?

Statistical analysis

All statistical analyses were conducted in IBM SPSS
v29. Figures were created in RStudio (v. 2022.7.1.554;
[66]) using the packages ‘ggplot2’ [89], ‘metafor’ [87] and
‘patchwork’ [59]. As an exploratory approach, we car-
ried out decision tree analysis, because they are ideal
for analysing complex numeric and/or categorical data
and detecting non-linear relationships (see description
in [46]. We examined the associations between ADHD
and functionality-related scores with Pearson correla-
tions. Due to multicollinearity, we decided to create
separate decision trees for each ADHD and function-
ality-related scores. In the decision tree analyses, we
examined the relationship of the ADHD-related traits
(inattention, hyperactivity, impulsivity, ADHD  total,
functional impairment of inattention, hyperactivity, and
impulsivity with bacterial communities at two different
taxonomic levels separately (families and genera and with
alpha-diversity estimators (observed species—sobs and
inverse Simpson,1/D. We chose to use the inverse Simp-
son because it is less affected by sequencing depth. Dog
age, weight, diet (only raw, mixed, only kibble, training
level (no training, basic obedience, special non-olfactory
training, special olfactory training, and breed were also
included in the decision tree analyses as independent
variables due to their possible association with ADHD
(e.g. [20]) and/or gut microbiome (e.g. [18, 61, 90]). In the
decision tree analyses, we used the Chi-square Automatic
Interaction Detector (CHAID) method [41], which uses
an F test for continuous variables. We specified the mini-
mum number of cases as 40 for parent nodes and 20 for
child nodes, and cross-validated the decision trees using
10 folds.

We then did more robust analyses using GzLM. Sepa-
rate models were done for each ADHD factor/functional
impairment and taxonomy (families and genera), as well
as for the alpha-diversity estimators. We controlled for
dog age, weight, diet, and training level, and for their
relevant interactions (age*weight, age*training level and
diet*weight). Since our dependent variables contained
positive values and zeros, Tweedie distribution with the
log link function was employed. The final models, con-
taining only significant factors, were reached with back-
wards elimination.

For the alpha-diversity estimators, we also used an
alternative analysis. We performed two cluster analyses,
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one on the ADHD factors (inattention, hyperactivity,
impulsivity) and another on the functional impairment
factors (functional impairment of inattention, hyper-
activity, and impulsivity). Then, Mann—Whitney tests
were used to compare the estimators between the gained
clusters.
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