
Gut microbiota alterations associated with 1-kestose supplementation and owner-reported aggression-related behaviors in dogs


ABSTRACT

	Aims: To characterize fecal gut microbiota features associated with a history of aggression in dogs and to explore whether supplementation with the prebiotic fructooligosaccharide 1-kestose is associated with alterations in gut microbiota composition and owner-reported aggression-related behaviors.
Study design: An exploratory, non-randomized field study comparing aggressive and non-aggressive client-owned dogs, followed by a single-arm pre–post supplementation study in aggressive dogs with owner-reported behavioral outcomes.
Place and Duration of Study: The study was conducted in Japan between 2021 and 2023, with a 60-day 1-kestose supplementation period for the intervention group.
Methodology: Fecal samples from aggressive toy poodles (Agg; n = 10) and non-aggressive controls (N-Agg; n = 6) were analyzed using 16S rRNA gene sequencing. Dogs in the Agg group received 1-kestose (400 mg/day) for 60 days. Behavioral outcomes were assessed before and after supplementation using the shortened, owner-reported Canine Behavioral Assessment and Research Questionnaire (C-BARQ). Genome analysis of Blautia caecimuris was conducted to identify glycoside hydrolase family 32 (GH32) enzymes, and a recombinant GH32 enzyme was functionally characterized for fructooligosaccharide hydrolysis.
Results: At baseline, Agg dogs differed in gut microbial β-diversity from N-Agg dogs and showed higher relative abundances of Mediterraneibacter gnavus, the Segatella copri group, and the Phocaeicola vulgatus group. Following 1-kestose supplementation, M. gnavus was lower, the B. caecimuris group was higher, and the β-diversity difference between groups diminished. In parallel, owner-reported aggression-related C-BARQ items—particularly responses to unfamiliar dogs and strangers near the home—were lower after supplementation. The characterized GH32 enzyme from B. caecimuris hydrolyzed 1-kestose and nystose.
Conclusion: These findings indicate that 1-kestose supplementation is associated with concurrent alterations in the canine gut microbiota and owner-reported aggression-related behavioral scores. While causality cannot be established, the results support further investigation of microbiota–behavior associations using larger, well-controlled study designs incorporating objective physiological and microbial measurements.
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1. Introduction

Aggression in dogs can be defined as a physical act or threat that reduces the freedom or fitness of another individual (Landsberg et al., 2012). It may be directed toward owners, strangers, or other dogs and is influenced by genetic background, learning history, and the social environment (Hsu and Serpell, 2003). Neuroendocrine pathways also contribute; circulating serotonin, cortisol, oxytocin, and vasopressin have been linked to individual differences in aggressive behavior (Rosado et al., 2010; MacLean et al., 2017).
Although pharmacological treatment is sometimes used, efficacy can be variable and adverse effects may occur (Landsberg et al., 2012). Behavioral interventions (e.g., counterconditioning and systematic desensitization) can be effective but often require substantial time and specialist support (Mikkola et al., 2021). Additional, potentially modifiable mechanisms underlying canine aggression therefore warrant investigation.
Emerging evidence implicates the intestinal environment and gut microbiota in canine behavior. Differences in gut microbial beta diversity (β-diversity) have been reported between aggressive and non-aggressive dogs (Kirchoff et al., 2019), and specific taxa have been associated with aggression-related traits in working dogs (Craddock et al., 2022). In our previous PCR-based study, the aggressive dog group showed higher fecal nan gene levels, suggesting increased mucin-metabolic potential, including that of Mediterraneibacter gnavus (Nagasaka et al., 2024). However, species-level relationships and the behavioral consequences of targeted microbiota modulation remain unclear.
The fructooligosaccharide 1-kestose is a prebiotic that can enrich beneficial taxa and increase fecal short-chain fatty acid concentrations in dogs (Ide et al., 2020). Fructans are degraded by bacterial glycoside hydrolase family 32 (GH32) enzymes, and characterizing these enzymes can provide mechanistic insight into how fructan supplementation reshapes microbial communities (Tanno et al., 2021).
Here, we performed 16S rRNA gene sequencing on fecal samples from aggressive (Agg) and non-aggressive (N-Agg) dogs, and we additionally evaluated whether 60 days of 1-kestose supplementation in Agg dogs is associated with changes in gut microbiota composition and Canine Behavioral Assessment and Research Questionnaire (C-BARQ) scores. We further examined fructan-degrading capacity of a GH32 enzyme from Blautia caecimuris to support potential mechanisms underlying microbiota shifts.
2. materials and methods

2.1 Study design
This study was designed as an exploratory, non-randomized field investigation comparing aggressive and non-aggressive client-owned dogs, followed by a single-arm pre–post supplementation study in aggressive dogs. The study was conducted in Japan between 2021 and 2023. Fecal sample collection and behavioral assessments were performed at collaborating veterinary facilities, and microbiological and enzymatic analyses were conducted at research laboratories. The study population consisted of toy poodles aged 2–6 years. Ten dogs with a history of problematic aggression (aggressive group; Agg; n = 10; median age 4.64 years [range 2.79–6.31]; males = 3, females = 7) were enrolled based on veterinary referral and the criteria of Wright and Nesselrote (1987). Aggressive behaviors were defined as including both approach and avoidance (defensive) components of agonistic behavior directed toward other dogs or humans, including lunging, snarling, growling, or biting directed toward unfamiliar people or dogs. Six healthy non-aggressive dogs served as controls (non-aggressive group; N-Agg; n = 6; median age 3.94 years [range 3.03–3.94]; males = 2, females = 4). The fecal samples correspond to those analyzed previously using PCR-based microbial assays (Nagasaka et al., 2024). In the present study, we reanalyzed these samples using 16S rRNA gene sequencing to obtain species-level microbiota profiles and additionally conducted a 1-kestose intervention in the Agg group to evaluate microbiota changes and behavioral outcomes.
Dogs were excluded if they had a history of gastrointestinal surgery; had received antibiotics within 2 months before fecal collection; or had been administered gastrointestinal drugs, drugs affecting the cranial nerves, or psychotropic agents within 2 weeks prior to fecal collection. All dogs were fed a consistent diet from 7 days before fecal collection until the end of the study. Diets included IMMUNE natural (Refulex Co., Ltd., Tokyo, Japan), NATURAL Harvest (Vanguard International Foods Co., Ltd., Chiba, Japan), and Long Life Wish (Purpose Co., Ltd., Kyoto, Japan). Each dog received only one of these diets throughout the study period.
2.2 [bookmark: OLE_LINK1]Behavioral assessment
Behavior was assessed using the shortened 42-item Canine Behavioral Assessment and Research Questionnaire (C-BARQ), a validated owner-reported questionnaire for canine behavior (Duffy et al., 2014). The questionnaire evaluates excitability, aggression, fear and anxiety, separation-related behavior, attachment/attention-seeking, training/obedience, and miscellaneous problem behaviors. Each item was scored on a scale of 0–4 (0 = none; 1–3 = mild to moderate; 4 = severe). A detailed description of all C-BARQ items is provided in Appendix Table 1. The questionnaire was completed by dog owners before and after the 1-kestose intervention, based on their routine observations of their dogs’ behavior, following instructions provided by the attending veterinarians.
2.3 1-kestose administration
Dogs in the Agg group received 1-kestose in tablet form (400 mg/tablet; Aspac Kigyo Co., Ltd., Tokyo, Japan) once daily for 60 days. The dosage was based on a prior canine study administering 2 g/day to beagles (~10 kg body weight; ~200 mg/kg/day) (Ide et al., 2020), scaled conservatively for toy poodles. Fecal samples and C-BARQ scores were collected both before and after 1-kestose administration.
2.4 Fecal collection and DNA extraction
Fecal samples were collected using a commercial feces collection kit FS-0017 (Techno Suruga Laboratory Co., Ltd., Shizuoka, Japan) within 30 min of defecation. Samples were stored at 4°C until DNA extraction, which was performed at Techno Suruga Laboratory. DNA was extracted following the procedure described by Takahashi et al. (2014) and subsequently purified using the GENE PREP STAR PI-480 automated DNA separator (Kurashiki Boseki [now Kurabo], Kurashiki, Japan).
The V3–V4 region of the bacterial/archaeal 16S rRNA gene was amplified using the primer pair Pro341F/Pro805R (Takahashi et al., 2014). Amplicons were sequenced as paired-end reads (2 × 301 bp) on the MiSeq platform using the MiSeq Reagent Kit v3 (600 cycles). Primer sequences were removed from the raw reads, and paired-end reads were merged using Cutadapt (Martin, 2011) and fastq-join (Aronesty, 2013). Reads with ≥99% of bases at QV ≥ 20 were retained, and chimeric sequences were removed prior to downstream analysis.
2.5 Bioinformatic and statistical analyses
MiSeq data were processed and analyzed using the EzBioCloud 16S database and 16S microbiome pipeline (ChunLab Inc.). Beta diversity was estimated using UniFrac distances and visualized by principal coordinate analysis (PCoA). Differences in β-diversity were tested using permutational multivariate analysis of variance (PERMANOVA; 9999 permutations).
Potential biomarkers distinguishing groups were identified using the linear discriminant analysis effect size (LEfSe) algorithm (Segata et al., 2011) with default settings and thresholds of P < 0.05 and |LDA| > 4.0.
Paired comparisons of C-BARQ scores and species-level relative abundances between pre- and post-intervention samples were performed using the Wilcoxon signed-rank test with the Pratt method. Statistical analyses of the relative specific activities of recombinant GH32 enzymes were conducted using two-way analysis of variance (ANOVA). All statistical analyses were performed using GraphPad Prism version 10.6.1 (GraphPad Software, San Diego, CA, USA). Differences were considered statistically significant at P < 0.05.
2.6 Activity of recombinant GH32 enzymes expressed in E. coli
An expression plasmid encoding GH32 MCR2002371.1 from B. caecimuris, codon-optimized for Escherichia coli, was constructed in pET28a by GenScript (Piscataway, NJ, USA). An expression plasmid for β-fructofuranosidase (CscA) from Bifidobacterium longum was obtained from a previously published study (Tanno et al., 2019). These plasmids were transformed into E. coli BL21 (DE3) (New England Biolabs, Ipswich, MA, USA). Transformants were cultured in 2 mL of brain heart infusion (BHI) broth (Sigma-Aldrich, Burlington, MA, USA) supplemented with 25 µg/mL kanamycin sulfate as seed cultures with shaking. Subsequently, 100 µL of the seed culture was inoculated into 5 mL of BHI broth containing 25 µg/mL kanamycin sulfate and Overnight Express™ System 2 (Merck KGaA, Darmstadt, Germany), and incubated at 25 °C for 21 h with shaking.
After cultivation, 2 mL of each culture was harvested by centrifugation and resuspended in 0.5 mL of BugBuster Protein Extraction Reagent (Merck KGaA, Darmstadt, Germany). The lysates were centrifuged to remove cell debris, and the resulting supernatants were collected as cell-free extracts and used as enzyme sources. Enzyme assays were performed by incubating the cell-free extracts with substrates in 20 mM sodium phosphate buffer (pH 6.5) at 37 °C for 30 min. Reaction mixtures were prepared by combining one-tenth volume of the cell-free extract with the appropriate substrate solution and buffer. The final substrate concentrations were 0.05 g/mL for sucrose (Wako Chemicals, Osaka, Japan), 1-kestose (WELLNEO Sugar, Tokyo, Japan), or nystose (Wako Chemicals). Inulin (Sigma-Aldrich, St. Louis, MO, USA) was assayed at a lower final concentration (0.005 g/mL) due to its limited solubility. Because CscA exhibited high activity, its cell-free extract was diluted tenfold to standardize reaction conditions. Reactions were terminated by heating at 90 °C for 10 min.
Glucose released during the reaction was quantified using the Glucose CII Test (Wako Chemicals, Osaka, Japan). Briefly, 5 µL of the enzyme reaction mixture was added to 45 µL of the Glucose CII Test reaction solution, incubated for 2.5 min at room temperature, and the absorbance was measured at 505 nm. Enzyme activities toward all substrates were normalized to the mean sucrose-hydrolyzing activity of MCR2002371.1, and relative specific activities were expressed as percentages. All enzyme assays were performed in triplicate (n = 3).

[bookmark: _GoBack]3. results

3.1 Analysis of the intestinal microbiota
To characterize fecal microbiota features associated with aggression history and to examine microbiota changes following 1-kestose supplementation, we compared fecal microbial compositions between N-Agg dogs and Agg dogs and further examined paired changes within the Agg group after 1-kestose administration. Species-level composition across groups is presented in Appendix Fig. 1. The 16S rRNA gene sequencing data generated in this study have been deposited in the NCBI Sequence Read Archive (SRA) under BioProject ID PRJNA1390884.
PCoA revealed significant differences in β-diversity between the N-Agg and Agg groups before the intervention (PERMANOVA P = 0.025). Following 1-kestose administration, β-diversity did not differ significantly between pre- and post-intervention samples within the Agg group (P = 0.55). Notably, the β-diversity difference between N-Agg and Agg diminished after the intervention and was no longer statistically significant (P = 0.062).
Within the Agg group, paired comparison of species-level composition before and after intervention showed that M. gnavus was significantly lower after 1-kestose administration (P = 0.0195), whereas the B. caecimuris group was significantly higher after the intervention (P = 0.0430) (Fig. 2). These were the only taxa that exhibited statistically significant changes following supplementation. The P. vulgatus group showed a decreasing trend after 1-kestose administration, but this change did not reach statistical significance (P = 0.0645).
3.2 Functional characterization of a GH32 enzyme of B. caecimuris
Based on Tanno et al. (2021), GH32 enzymes in short-chain fatty acid–producing bacteria can be classified into distinct phylogenetic clusters with characteristic fructooligosaccharide degradation profiles. Genome analysis of B. caecimuris DSM 29492 (GenBank: JANJZT010000016.1) revealed four GH32 enzymes—MCR2002371.1, MCR2000919.1, MCR2001482.1, and MCR2003493.1—predicted to belong to GH32 Cluster 1, Cluster 1, Cluster 3, and Cluster 2, respectively (Appendix Fig. 2). Three of these enzymes (MCR2002371.1, MCR2000919.1, and MCR2001482.1) are located in operons together with sugar ABC transporter genes, suggesting coordinated regulation of fructan utilization.
A BLASTp search indicated that MCR2002371.1 is highly conserved among B. caecimuris strains, with numerous sequences showing ≥97% identity (Appendix Table 2). This higher conservation compared with the other GH32 enzymes suggests that MCR2002371.1 may represent a core GH32 enzyme in this species.
To experimentally validate these predictions, we expressed recombinant MCR2002371.1 together with the well-characterized 1-kestose–degrading GH32 enzyme CscA from Bifidobacterium longum, prepared cell-free extracts, and performed enzymatic digestion assays using sucrose (DP2), 1-kestose (DP3), nystose (DP4), and inulin (long-chain fructan) as substrates. Recombinant MCR2002371.1 efficiently hydrolyzed both 1-kestose and nystose, indicating activity toward short-chain fructans. In contrast, CscA exhibited activity toward 1-kestose but showed little activity toward nystose. Neither MCR2002371.1 nor CscA exhibited detectable activity toward inulin under the conditions tested (Fig. 3).
3.3 Owner-reported behavior (C-BARQ)
Among C-BARQ items, several aggression-related behaviors showed lower owner-reported scores following 1-kestose administration. Specifically, scores for Item 8 (behavior when approached by an unfamiliar dog) and Item 9 (behavior when strangers walk past the home) were significantly lower after supplementation than before (Fig. 4). Significant reductions were also observed in items related to excitability (Items 1 and 2) and miscellaneous problems including hyperactivity, boisterousness, and activeness (Items 38–40). These findings indicate that 1-kestose administration was associated with lower owner-reported scores in aggression-related items as well as in multiple other behavioral domains (Appendix Table 1).
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Fig. 1. Principal coordinate analysis (PCoA) plots based on Generalized UniFrac distances, highlighting differences in fecal microbiota composition among the following groups: non-aggressive dogs (N-Agg), aggression dogs before intervention (Agg_Pre), and aggression dogs after intervention (Agg_Post). Each point represents an individual dog.
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[bookmark: _Hlk220072268]Table 1. Linear discriminant analysis effect size (LEfSe) identifying species-level differences in fecal microbiota composition between non-aggressive dogs (N-Agg) and aggression dogs before intervention (Agg_Pre). An absolute LDA effect size threshold of >4.0 was applied. Blue bars indicate the magnitude of the LDA effect size, while red bars represent the relative abundance of each taxon. Taxa are ordered by ascending P-value.
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Fig. 2. Changes in fecal abundances of Mediterraneibacter gnavus and Blautia caecimuris group before and after intervention in aggression dogs. Mean relative abundances (bars) and individual paired values (dots with connecting lines) of (a) Mediterraneibacter gnavus and (b) Blautia caecimuris group are shown for dogs assessed before intervention (Pre; blue) and after intervention (Post; red). These taxa were selected because they exhibited >1% relative abundance in at least one of the two groups and showed statistically significant differences (P < 0.05) in the paired comparison. Paired differences were evaluated using the Wilcoxon signed-rank test (Pratt method). P-values obtained for each taxon are indicated above the corresponding comparisons.
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Fig. 3. Relative specific activities of recombinant GH32 enzymes toward fructooligosaccharides. Relative specific activities of GH32 enzymes—MCR2002371.1 from Blautia caecimuris and CscA from Bifidobacterium longum—toward 1-kestose, nystose, and inulin were evaluated using cell-free extracts prepared from recombinant Escherichia coli. Cell-free extracts from E. coli carrying the empty vector pET28a were used as a negative control. Enzyme activities toward each substrate were normalized to the mean sucrose-hydrolyzing activity of MCR2002371.1, which was set to 100%, and are presented as relative specific activities (%). All assays were performed in triplicate (n = 3), and data are shown as mean values. P-values for comparisons between MCR2002371.1 and the other enzyme preparations for each substrate are indicated above the corresponding bars.
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Fig. 4. Changes in owner-reported aggression-related C-BARQ scores following 1-kestose supplementation. 
Paired comparisons of C-BARQ Item 8 (behavior when approached by an unfamiliar dog) and Item 9 (behavior when strangers walk past the home) are shown for aggressive dogs assessed before (Pre) and after (Post) 1-kestose supplementation. Each point represents an individual dog, and lines connect paired observations. Boxes indicate median and interquartile range. Statistical differences between Pre and Post were evaluated using the Wilcoxon signed-rank test (Pratt method). P-values are indicated above the corresponding comparisons.


4. discussion

In this preliminary, non-controlled field study, 1-kestose supplementation in aggressive dogs was associated with shifts in the fecal microbiota and with lower owner-reported aggression-related C-BARQ scores. These observations are consistent with, but do not establish, a role for microbiota modulation in canine behavior via the microbiota–gut–brain axis.
Consistent with prior work (Kirchoff et al., 2019), we observed separation in β-diversity between N-Agg and Agg dogs before intervention, indicating that aggressive behavior is associated with distinct microbial community structure. After 1-kestose supplementation, the β-diversity difference between N-Agg and Agg diminished and was no longer statistically significant, suggesting that the microbial community of Agg dogs shifted toward a composition more similar to that of N-Agg dogs.
Before intervention, Agg dogs showed higher relative abundances of M. gnavus and the P. vulgatus group. M. gnavus is a mucin-degrading gut bacterium that has been reported to be enriched in inflammatory bowel disease and in conditions associated with altered mucus utilization (Png et al., 2010; Henke et al., 2019). Although inflammatory markers were not measured, the enrichment of mucin-associated taxa in Agg dogs suggests alterations in the intestinal mucosal environment that have previously been associated with inflammatory conditions.
After supplementation, the relative abundance of M. gnavus decreased, whereas that of the B. caecimuris group increased. Members of the genus Blautia are known carbohydrate fermenters and are commonly associated with the production of short-chain fatty acids. Consistent with this, the genome of B. caecimuris DSM 29492 encodes an acetate-producing Ack–Pta pathway (ACK; MCR2001235.1 and PTA; MCR2001236.1), suggesting a capacity for acetate production that may influence the intestinal luminal environment. Such changes in local conditions could, in turn, affect the growth of other microbial taxa. In line with this interpretation, M. gnavus has been reported to be physiologically sensitive to acidic conditions (T Fujii, Fujita Health University, Japan, Unpublished results), raising the possibility that increased acetate production contributed to its reduced abundance after supplementation.
Our functional analyses provide mechanistic support for the enrichment of B. caecimuris following fructan supplementation. MCR2002371.1, a highly conserved GH32 enzyme from B. caecimuris, hydrolyzed both 1-kestose and nystose, indicating that B. caecimuris may directly utilize these fructans. While GH32 enzymes are widespread among gut bacteria, functional characterization of GH32-mediated fructan degradation in Blautia has been limited; our results therefore provide new evidence linking GH32 activity in this genus to utilization of short-chain fructans. This capacity likely contributes to the selective enrichment of B. caecimuris after 1-kestose administration and links microbial genomic potential with observed community shifts.
Together, these data suggest that dogs with a history of aggression may harbor characteristic fecal microbiota features and that 1-kestose supplementation is associated with microbiota shifts alongside changes in owner-reported behavior. Controlled trials in larger cohorts, incorporating direct measurement of microbial metabolites and objective behavioral assessments, are needed to test causality and clarify mechanisms.
This study has several limitations. First, the sample size was small (Agg n = 10; N-Agg n = 6), limiting statistical power and generalizability. Larger controlled studies will be required to validate the observed behavioral and microbiota changes. Second, behavioral outcomes were assessed using an owner-reported questionnaire rather than direct behavioral observation, which may introduce reporting bias and limits the objectivity of behavioral measurements. Because this study lacked a placebo control group, the influence of the caregiver placebo effect cannot be completely ruled out. However, the primary aim of this study was to explore associations between gut microbiota alterations and behavioral scores, rather than to establish the efficacy of a behavioral intervention. In this context, the observation that objective microbiota changes, such as the reduction in M. gnavus, occurred in parallel with the observed behavioral changes suggests the potential involvement of physiological changes extending beyond a mere placebo effect. Third, although changes in microbial taxa suggest alterations in metabolic activity, concentrations of microbial metabolites, such as short-chain fatty acids (acetate, propionate, and butyrate), were not directly measured. Quantification of these metabolites would strengthen mechanistic interpretation. Finally, the study design does not allow definitive conclusions regarding causality. Although behavioral changes co-occurred with shifts in the gut microbiota, it remains unclear whether microbiota changes mediated behavior or whether both were influenced by unmeasured factors.

4. Conclusion

Supplementation with the prebiotic 1-kestose was associated with distinct shifts in the intestinal microbiota and with lower owner-reported aggression-related C-BARQ scores in dogs with a history of problematic aggression. At baseline, Agg dogs exhibited higher relative abundances of M. gnavus and the P. vulgatus group compared with N-Agg dogs. After supplementation, M. gnavus was lower and the Blautia caecimuris group was higher in paired comparisons within Agg dogs. Genome and enzymatic analyses indicate that B. caecimuris possesses a conserved GH32 enzyme capable of degrading 1-kestose and nystose, providing a potential mechanistic basis for its selective enrichment. These findings support further hypothesis-driven evaluation of prebiotic-associated microbiota alterations in relation to canine aggression in larger, controlled studies.

Consent 
Written informed consent was obtained from all dog owners for the participation of their animals in this study and for the publication of the associated data. A copy of the written consent documentation is available for review by the Editorial Office upon reasonable request.
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Appendix


Appendix Fig. 1. Species-level composition of the fecal microbiota across the three study groups: non-aggressiIVE dogs (N-Agg), aggression dogs before intervention (Agg_Pre), and aggression dogs after intervention (Agg_Post). Bars represent the mean relative abundances of bacterial species within each group.
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APPENDIX Fig. 2.  Phylogenetic relationships of GH32 enzymes identified in short-chain fatty acid (SCFA)–producing bacteria reported previously (#), together with GH32 enzymes encoded by Blautia caecimuris DSM 29492 (MCR2002371.1, MCR2000919.1, MCR2001482.1, and MCR2003493.1). Accession numbers of each protein are shown in parentheses. Numbers displayed at the internal nodes represent branch support values (%) calculated by the Phylogeny.fr workflow, indicating the confidence level of each branching event. Phylogenetic reconstruction and putative GH32 functional clustering were performed using the Phylogeny.fr platform (https://www.phylogeny.fr/).
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	Appendix Table 1.  Descriptions of the 42 items included in the Canine Behavioral Assessment and Research Questionnaire (C-BARQ), grouped by behavioral categories. Each item is rated on a scale from “Never/No aggression/No fear-anxiety/Calm” to “Always/Serious aggression/Extreme fear/Extremely excitable,” depending on the behavioral domain.Paired comparisons of C-BARQ scores between the pre-intervention and post-intervention samples were conducted using the Wilcoxon signed-rank test with the Pratt method. Differences with p < 0.05 were considered statistically significant.

	Section
	Item
	Description
	Min Label
	Max Label
	Mean_Pre
	Mean_Post
	Wilcoxon_P
	P < 0.05

	Excitability
	1
	Recent tendency to become excitable just before being taken for a walk.
	Calm
	Extremely excitable
	3.1000 
	2.4000 
	0.0312 
	*

	
	2
	Recent tendency to become excitable just before being taken on a car trip.
	Calm
	Extremely excitable
	3.4286 
	1.4286 
	0.0156 
	*

	Aggression
	3
	Recent tendency to display aggressive behavior when approached directly by an unfamiliar person while being walked/exercised on a leash.
	No aggression
	Serious aggression
	1.7000 
	1.0000 
	0.1250 
	

	
	4
	Recent tendency to display aggressive behavior when toys, bones, or other objects are taken away by a household member.
	No aggression
	Serious aggression
	1.6000 
	0.9000 
	0.1562 
	

	
	5
	Recent tendency to display aggressive behavior when approached directly by a household member while it is eating.
	No aggression
	Serious aggression
	1.3000 
	0.9000 
	0.5000 
	

	
	6
	Recent tendency to display aggressive behavior when a mailman or other delivery worker approaches your home.
	No aggression
	Serious aggression
	2.1111 
	1.5556 
	0.1875 
	

	
	7
	Recent tendency to display aggressive behavior when his/her food is taken away by a household member.
	No aggression
	Serious aggression
	1.5000 
	0.9000 
	0.1875 
	

	
	8
	Recent tendency to display aggressive behavior when approached directly by an unfamiliar dog while being walked/exercised on a leash.
	No aggression
	Serious aggression
	1.9000 
	1.0000 
	0.0156 
	*

	
	9
	Recent tendency to display aggressive behavior when a stranger walks past your home when he/she is outside or in the yard.
	No aggression
	Serious aggression
	2.2222 
	1.4444 
	0.0321 
	*

	
	10
	Recent tendency to display aggressive behavior when barked, growled, or lunged at by another (unfamiliar) dog.
	No aggression
	Serious aggression
	2.3333 
	1.6667 
	0.0625 
	

	
	11
	Recent tendency to display aggressive behavior when approached while eating by another (familiar) household dog (leave blank if no other dogs).
	No aggression
	Serious aggression
	1.5000 
	1.0000 
	0.3125 
	

	
	12
	Recent tendency to display aggressive behavior when approached while playing with/chewing a favorite toy, bone, or object, by another (familiar) household dog (leave blank if no other dogs).
	No aggression
	Serious aggression
	1.7500 
	1.2500 
	0.2500 
	

	Fear and anxiety
	13
	Recent tendency to display fearful behavior when approached directly by an unfamiliar person while away from your home.
	No fear/anxiety
	Extreme fear
	1.9000 
	1.3000 
	0.4062 
	

	
	14
	Recent tendency to display fearful behavior in response to sudden or loud noises (e.g. thunder, vacuum cleaner, car backfire, road drills, and objects being dropped).
	No fear/anxiety
	Extreme fear
	2.8000 
	2.4000 
	0.4688 
	

	
	15
	Recent tendency to display fearful behavior when an unfamiliar person tries to touch or pet him/her.
	No fear/anxiety
	Extreme fear
	2.0000 
	1.4286 
	0.2168 
	

	
	16
	Recent tendency to display fearful behavior in response to strange or unfamiliar objects on or near the sidewalk (e.g. plastic trash bags, leaves, litter, and flag flapping).
	No fear/anxiety
	Extreme fear
	1.8750 
	1.8750 
	>0.9999
	

	
	17
	Recent tendency to display fearful behavior when approached directly by an unfamiliar dog.
	No fear/anxiety
	Extreme fear
	2.2222 
	1.5556 
	0.1250 
	

	
	18
	Recent tendency to display fearful behavior when first exposed to unfamiliar situation (e.g., first car trip, first time in elevator, and first visit to veterinarian).
	No fear/anxiety
	Extreme fear
	2.5000 
	2.1250 
	0.5938 
	

	
	19
	Recent tendency to display fearful behavior when barked, growled, or lunged at by an unfamiliar dog.
	No fear/anxiety
	Extreme fear
	2.5556 
	1.7778 
	0.0625 
	

	
	20
	Recent tendency to display fearful behavior when having nails clipped by a household member.
	No fear/anxiety
	Extreme fear
	2.1000 
	1.4000 
	0.1250 
	

	
	21
	Recent tendency to display fearful behavior when groomed or bathed by a household member.
	No fear/anxiety
	Extreme fear
	1.4000 
	1.0000 
	0.3125 
	

	Separation-related behavior
	22
	When left alone, even for short periods, how often has your dog shown signs of anxiety such as restlessness, agitation, or pacing?
	Never
	Always
	2.1000 
	1.5000 
	0.1250 
	

	
	23
	When left alone, even for short periods, how often has your dog shown signs of anxiety such as barking or whining?
	Never
	Always
	2.1000 
	1.5000 
	0.0625 
	

	
	24
	When left alone, even for short periods, how often has your dog shown signs of anxiety such as chewing/scratching at doors, floor, windows, and curtains?
	Never
	Always
	1.2222 
	0.8889 
	0.2500 
	

	Attachment and attention-seeking
	25
	How often has your dog shown signs of attachment or attention-seeking such as following you or other members of the household about the house, from room to room?
	Never
	Always
	2.7500 
	2.2500 
	0.4062 
	

	
	26
	How often has your dog shown signs of attachment or attention-seeking such as sitting close to, or in contact with you or others when you are sitting down?
	Never
	Always
	3.1250 
	2.7500 
	0.5000 
	

	Training and obedience
	27
	Obeys a "sit" command immediately.
	Never
	Always
	3.2857 
	2.7143 
	0.2500 
	

	
	28
	Obeys a "stay" command immediately.
	Never
	Always
	2.8571 
	2.4286 
	0.5000 
	

	
	29
	Easily distracted by interesting sights, sounds, or smells.
	Never
	Always
	2.7143 
	2.1429 
	0.3750 
	

	Miscellaneous problems
	30
	How often has your dog chased or would chase birds, given the chance?
	Never
	Always
	2.7143 
	2.4286 
	>0.9999
	

	
	31
	How often has your dog chased or would chase squirrels, rabbits, or other small animals, given the chance?
	Never
	Always
	2.7143 
	2.4286 
	0.5000 
	

	
	32
	How often has your dog escaped or would escape from home or yard, given the chance?
	Never
	Always
	1.2857 
	1.2857 
	>0.9999
	

	
	33
	How often has your dog chewed inappropriate objects?
	Never
	Always
	1.8889 
	1.4444 
	0.2500 
	

	
	34
	How often has your dog pulled excessively hard when on the leash?
	Never
	Always
	1.7000 
	1.4000 
	0.4531 
	

	
	35
	How often has your dog urinated against objects/furnishings in your home?
	Never
	Always
	1.2500 
	1.5000 
	0.9062 
	

	
	36
	How often has your dog urinated when left alone at night or during the day?
	Never
	Always
	1.4286 
	1.5714 
	>0.9999
	

	
	37
	How often has your dog defecated when left alone at night or during the day?
	Never
	Always
	1.4286 
	1.4286 
	>0.9999
	

	
	38
	How often has your dog been hyperactive, restless, or had trouble settling down?
	Never
	Always
	1.8889 
	1.0000 
	0.0312 
	*

	
	39
	How often has your dog been playful, puppyish, and boisterous?
	Never
	Always
	2.2000 
	1.3000 
	0.0312 
	*

	
	40
	How often has your dog been active, energetic, and always on the go?
	Never
	Always
	2.3000 
	1.7000 
	0.0312 
	*

	
	41
	How often has your dog chased own tail/hind end?
	Never
	Always
	0.6667 
	0.4444 
	0.7500 
	

	
	42
	How often has your dog barked persistently when alarmed or excited?
	Never
	Always
	3.1000 
	2.6000 
	0.3594 
	 




	Appendix Table 2.  BLASTp (version 2.15.0) analysis of glycoside hydrolase family 32 (GH32) proteins from Blautia caecimuris DSM 29492. Only proteins with >97% pairwise identity are included. Searches were performed using BLASTp on the NCBI non-redundant (nr) protein database (https://www.ncbi.nlm.nih.gov/, accessed on November 15, 2023).

	
	
	
	
	
	
	
	
	

	MCR2002371.1
	
	
	
	
	
	
	
	

	Description
	Scientific Name
	Max Score
	Total Score
	Query Cover
	E value
	Per. ident
	Acc. Len
	Accession  

	glycoside hydrolase family 32 protein [Blautia caecimuris]
	Blautia caecimuris
	1040
	1040
	100%
	0
	100
	493
	WP_390428844.1

	glycoside hydrolase family 32 protein [Blautia caecimuris]
	Blautia caecimuris
	1038
	1038
	100%
	0
	99.8
	493
	WP_257464857.1

	glycoside hydrolase family 32 protein [Lachnospiraceae bacterium]
	Lachnospiraceae bacterium
	1034
	1034
	100%
	0
	99.39
	493
	MDO4448457.1

	glycoside hydrolase family 32 protein [Blautia caecimuris]
	Blautia caecimuris
	1031
	1031
	100%
	0
	98.99
	493
	MFR3246149.1

	glycoside hydrolase family 32 protein [Blautia caecimuris]
	Blautia caecimuris
	1021
	1021
	100%
	0
	97.57
	493
	NSG68294.1

	glycoside hydrolase family 32 protein [Blautia sp. XA-2221]
	Blautia sp. XA-2221
	1020
	1020
	100%
	0
	97.77
	493
	WP_147599832.1

	glycoside hydrolase family 32 protein [Blautia sp.]
	Blautia sp.
	1020
	1020
	100%
	0
	97.57
	493
	WP_287623758.1

	glycoside hydrolase family 32 protein [Blautia caecimuris]
	Blautia caecimuris
	1019
	1019
	100%
	0
	97.36
	493
	WP_302390847.1

	glycoside hydrolase family 32 protein [Blautia caecimuris]
	Blautia caecimuris
	1018
	1018
	100%
	0
	97.36
	493
	MFR1663862.1

	glycoside hydrolase family 32 protein [Blautia caecimuris]
	Blautia caecimuris
	1018
	1018
	100%
	0
	97.57
	493
	WP_390573204.1

	glycoside hydrolase family 32 protein [Lachnospiraceae bacterium]
	Lachnospiraceae bacterium
	1018
	1018
	100%
	0
	97.16
	493
	MFR3131274.1

	glycoside hydrolase family 32 protein [Blautia sp.]
	Blautia sp.
	1015
	1015
	100%
	0
	97.36
	493
	WP_138271125.1

	glycoside hydrolase family 32 protein [Blautia caecimuris]
	Blautia caecimuris
	1014
	1014
	100%
	0
	97.36
	493
	MFR0074745.1

	glycoside hydrolase family 32 protein [Blautia sp.]
	Blautia sp.
	1013
	1013
	100%
	0
	97.36
	493
	WP_287575601.1

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	MCR2000919.1
	
	
	
	
	
	
	
	

	Description
	Scientific Name
	Max Score
	Total Score
	Query Cover
	E value
	Per. ident
	Acc. Len
	Accession  

	MULTISPECIES: glycoside hydrolase family 32 protein [Blautia]
	Blautia
	1024
	1024
	100%
	0
	100
	487
	WP_147598474.1

	MULTISPECIES: glycoside hydrolase family 32 protein [unclassified Blautia]
	unclassified Blautia
	1021
	1021
	100%
	0
	99.59
	487
	WP_022067571.1

	glycoside hydrolase family 32 protein [Lachnospiraceae bacterium]
	Lachnospiraceae bacterium
	1019
	1019
	100%
	0
	99.38
	487
	MFR3131988.1

	glycoside hydrolase family 32 protein [Blautia caecimuris]
	Blautia caecimuris
	1018
	1018
	100%
	0
	99.38
	487
	WP_303004598.1

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	MCR2001482.1
	
	
	
	
	
	
	
	

	Description
	Scientific Name
	Max Score
	Total Score
	Query Cover
	E value
	Per. ident
	Acc. Len
	Accession  

	glycoside hydrolase family 32 protein [Blautia caecimuris]
	Blautia caecimuris
	1029
	1029
	100%
	0
	100
	492
	WP_257464353.1

	glycoside hydrolase family 32 protein [Lachnospiraceae bacterium]
	Lachnospiraceae bacterium
	1027
	1027
	100%
	0
	99.59
	492
	MFR3131625.1

	glycoside hydrolase family 32 protein [Blautia sp.]
	Blautia sp.
	1021
	1021
	100%
	0
	99.19
	492
	WP_178709778.1

	MULTISPECIES: glycoside hydrolase family 32 protein [Blautia]
	Blautia
	1019
	1019
	100%
	0
	99.19
	492
	WP_287574022.1

	glycoside hydrolase family 32 protein [Blautia caecimuris]
	Blautia caecimuris
	1018
	1018
	100%
	0
	98.98
	492
	WP_390428773.1

	glycoside hydrolase family 32 protein [Blautia caecimuris]
	Blautia caecimuris
	1014
	1014
	100%
	0
	98.37
	492
	MFR5620711.1

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	MCR2003493.1
	
	
	
	
	
	
	
	

	Description
	Scientific Name
	Max Score
	Total Score
	Query Cover
	E value
	Per. ident
	Acc. Len
	Accession  

	MULTISPECIES: glycoside hydrolase family 32 protein [Blautia]
	Blautia
	989
	989
	100%
	0
	100
	475
	WP_173752548.1

	MULTISPECIES: glycoside hydrolase family 32 protein [unclassified Blautia]
	unclassified Blautia
	984
	984
	100%
	0
	99.58
	475
	WP_022067745.1

	MULTISPECIES: glycoside hydrolase family 32 protein [Blautia]
	Blautia
	983
	983
	100%
	0
	99.37
	475
	WP_287576256.1

	glycoside hydrolase family 32 protein [Lachnospiraceae bacterium]
	Lachnospiraceae bacterium
	979
	979
	100%
	0
	98.95
	475
	MDO4447804.1

	glycoside hydrolase family 32 protein [Lachnospiraceae bacterium]
	Lachnospiraceae bacterium
	979
	979
	100%
	0
	98.74
	475
	MFR3131450.1
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