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Domestication represents one of the largest biological shifts of life on Earth, and for many animal
species, behavioral selection is thought to facilitate early stages of the process. The gut microbiome of
animals can respond to environmental changes and have diverse and powerful effects on host
behavior. As such, we hypothesize that selection for tame behavior during early domestication, may
have indirectly selected on certain gut microbiota that contribute to the behavioral plasticity necessary
to adapt to the new social environment. Here, we explore the gut microbiome of foxes from the tame
and aggressive strains of the “Russian-Farm-Fox-Experiment”. Microbiota profiles reveal a significant
depletion of bacteria in the tame fox population that have been associated with aggressive and fear-
related behaviors in other mammals. Our metagenomic survey allows for the reconstruction of
microbial pathways enriched in the gut of tame foxes, such as glutamate degradation, which converge
with host genetic and physiological signals, revealing a potential role of functional host-microbiota
interactions that could influence behaviors associated with domestication. Overall, by characterizing
how compositional and functional potential of the gut microbiota and host behaviors co-vary during

early animal domestication, we provide further insight into our mechanistic understanding of this

adaptive, eco-evolutionary process.

Behavioral shifts are thought to facilitate the early stages of animal
domestication” with tameness being the single most consistently shared
trait across domesticated species™’. Tameness denotes an attenuation of the
flight-or-fight response, or in other words, a reduced fear and long-term
stress response towards humans, which is often a prerequisite to successful
breeding in captivity’. Rapid adaptation via behavioral plasticity is tradi-
tionally viewed as being primarily encoded by the genome, however, ample
evidence shows that the gut microbiome of animals can respond to envir-
onmental changes and may play a crucial role on their adaptive capacity®’.
Further, mounting evidence has demonstrated how the gut microbiome

influences host behavior, cognition, brain development and physiology* ™,
which may have profound implications for host ecology and evolution,
including adaptation via behavioral selection''™".

The complex bidirectional communication between animals and their
gut microbiota, called the microbiota—gut-brain axis, can be mediated
through a variety of mechanisms and it is becoming increasingly clear that
gut-derived metabolites are important to these interactions'*"*. The bio-
chemical communication pathways can occur through various direct and
indirect mechanisms, which include transport of gut-derived metabolites
from circulation into the brain, initiation of immune and vagus nerve
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activation, stimulation of enterochromaffin cells in the gut, and even epi-
genetic alterations®"'*'*"”. Experimental studies have also implicated
microbiome-derived signals in regulating fear and aggressive behavior in
animals, as well as, expression of genes in the brain involved in such
behaviors™ ™, both of which have interesting implications for domestica-
tion. However, the eco-evolutionary relevance of the microbiome—
gut-brain axis outside of laboratory animals remains largely unexplored.

The Russian Farm Fox Experiment is one of the most extensive
experimental domestication studies. Initiated in 1959 at the Institute of
Cytology and Genetics (ICG) (Novosibirsk, Russia), Dimitry K. Belyaev and
Lyudmila Trut selectively bred captive populations of the silver fox (Vulpes
vulpes) that were originally derived from fur farms in eastern Canada’”, to
understand the evolutionary processes of adapting to a new social
environment"***, After decades of selecting on foxes solely for behavior,
specific strains of fox with markedly different behavioral phenotypes were
gradually established. Foxes bred for tame phenotypes, herein referred to as
the “tame” strain, displayed a reduced fear and positive response towards
humans, whereas aggressive phenotypes, herein referred to as the “aggres-
sive” strain, exhibited aggression towards humans along with avoidance
behavior>***. While a genetic basis has been extensively documented for
both behavioral phenotypes of these foxes™"™, in several other animals
species (e.g., chickens and mice), it has been demonstrated that the host
genetic effect can be supplemented by the microbiome'""*. We therefore
hypothesize that selection for behavioral traits in the fox domestication
experiment may have led to selection on specific bacterial gut microbiota
community structures that may potentially contribute to shaping fox
behaviors - something we have previously demonstrated in a similar red
jungle fowl domestication experiment''.

In this study we characterized the fecal microbiome community (as a
proxy for gut) of foxes from the tame and aggressive strains of the Russian
Farm Fox Experiment, in order to test the hypothesis that the gut microbial
community compositions, and their neuroactive potentials, differ between
fox behavioral phenotypes. All foxes were housed in the same or similar
facilities and fed identical diets, allowing us to assess the differences between
the gut microbiota of the two behavioral phenotypes without introducing
the confounding variables of environment, and especially diet, both of which
can strongly influence the gut community composition™.

Results and discussion

In order to profile the gut microbiome of the two fox behavioral strains, we
generated both targeted bacterial 16S rRNA amplicon and shotgun meta-
genomic data from fecal samples collected from 123 foxes that represented
two collection years (2015: tame (n = 10); aggressive (N =10); 2017: tame
(n=51); aggressive (N =52)). Because rare microbial species are typically
not well assembled in metagenomic surveys because of low coverage®, 16S
amplicon data was used as a starting point to characterize the microbiota’s
broad taxonomic composition in order to study links with behavioral
phenotypes. Complementary metagenomic data was incorporated to (1)
recover and compare novel bacterial species between the behavioral selec-
tions lines, through the reconstruction of metagenome assembled genomes
(MAGs), and (2) provide insights into the potential microbiome functions
relevant to the microbiota—gut—brain axis.

Due to the strong batch effects (namely sample storage treatment
known to significantly impact microbial taxonomic profiles””), between
the two collections years (Supplementary Fig. 1), the 2015 dataset was
removed from the 16S analysis and additionally removed from the shotgun
metagenomic analysis after we generated the MAG reference catalog.

Gut microbial diversity reduced in tame foxes

To create initial community composition profiles of the gut microbiota of
the two silver fox behavioral strains, a 16S rRNA gene amplicon survey was
performed on the fecal samples collected in 2017 from aggressive (n = 52)
and tame (N = 50) individuals. A total of 1525 amplicon sequence variants
(ASVs) were identified after quality filtering. Diversity analysis at the genus
level identified a lower Shannon diversity estimate in the microbiota of the

tame, compared to aggressive, fox populations (Fig. 1A;
Shannongme = 2.45 + 0.006; Shannon,g,, = 2.52 + 0.003; p-value < 0.0001).
Marked reductions in the gut microbial diversity of domesticated animals
have been identified in a number of species, and are typically associated with
anthropogenic factors, such as shifts in environment and diet, during the
domestication process™"". Interestingly, increased gut microbial diversity is
also associated with aggressive and fearful behavior in mammals*™ and
chickens*. As the foxes from the two selection lines were housed in similar
controlled environments, the lower diversity estimates identified in the tame
gut microbiota are unlikely due to shifts in environmental factors (Sup-
plementary Fig. 2). It is possible that founder effects influenced the gut
microbial structure of the foxes, however, extensive genetic studies showed
that the two populations are closely related” and inbreeding was strenuously
avoided since the beginning of the breeding program to avoid bottlenecks
during selection. Gut morphology can influence gut microbiota composi-
tion (e.g., refs. 49,50), and changes in gut length have been reported in some
domesticated species’*>. However, such morphological changes have yet to
be explored in the experimentally domesticated foxes. Alternatively, it is
possible that the depletion or loss of certain gut microbes during the early
stages of the domestication process may initiate the behavioral shifts
necessary to adapt to the new social environment, and knowledge of indi-
vidual microbial species responsible for these phenotypes may be valuable in
understanding their biological role during domestication.

Tame foxes are depleted in bacteria associated with fearful and
aggressive behavior

To investigate whether certain microbes were associated with the different
behavioral phenotypes, we modeled relative abundance of 16S sequence
data at different taxonomic levels. At the phylum level, we observed that the
gut microbiota of tame foxes were significantly depleted of Tenericutes in
comparison to aggressive foxes (Wald test, t-value = —4.785, p-value =
1.53e-05), mainly due to the reduction of the bacterial family Anaero-
plasmataceae (Wald test, t-value = —4.785, p-value = 7.88¢-05). This find-
ing is interesting for several reasons. Firstly, in other mammals such as
hamsters and mice, Tenericutes, and more specifically Anaeroplasmataceae,
have been reported to play a role in social behavior, and consistently
and positively correlate with aggression*>***”*. Secondly, not only do
some members of Tenericutes show heritability in multiple human
populations™, but some Tenericutes are also less capable of recovering after
perturbation in the gut”. Although taken at a broad taxonomic level,
together, these findings suggest that it may be possible to select against at
least some bacteria during early domestication, that remain depleted or lost
throughout the process.

When considering the data at the order level, we noted a depletion of
bacteria from the order Desulfovibrionales in tame foxes (Wald test, t-
value = —2.938, p-value = 0.04). Maternal stress and perturbations in the gut
microbiota of Siberian hamsters produced offspring that were not only
enriched in Desulfovibrionales but also displayed increased levels of
aggression when treated with stress™. Cusick and co-workers™ went on to
suggest that both maternal microbiome and response to stress interact in
ways that impact the behavior and gut microbiota of their offspring, both of
which would have interesting implications in the eco-evolutionary processes
of domestication.

Modeled relative abundance at the genus level revealed three additional
taxa depleted in the tame fox strain, specifically Ruminococcaceae (UCG-
014), Anaeroplasma and Lachnospiraceae (UCG-010) (Fig. 1B, C), all three
of which have intriguing links to behavior in other mammals. In particular,
Ruminococcaceae and Lachnospiraceae not only positively associate with
aggressive behaviors in mammals, including dogs, mice and
hamsters™***>**** but also exhibit lower abundance in some captive and
domestic animal populations of gaur and yaks®*'. Further, Lachnospiraceae
are positively associated with brain reactivity to fear in humans, particularly
in the prefrontal cortex™, which is a brain region involved in memory,
learning and regulating fear, and shown to be modulated by changes in gut
microbiota'*”.
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Fig. 1| Diversity differences of fecal microbiota between aggressive (n = 52) and
tame (n = 50) fox strains from the bacterial 16S rRNA gene amplicon survey.
A Diversity estimates with uncertainties of Shannon diversity in fox fecal samples
collected in 2017. The dots represent the mean Shannon diversity estimate and the
error bars (whiskers) represent the 95% confidence intervals. Differential relative
abundance of the genera (B) Ruminococcaceae (UCG-014), (C) Anaeroplasma and
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(D) Lachnospiraceae (UCG-010). Microbial community composition was modeled
at the genus level for the 16S dataset by fitting the beta-binomial regression model
implemented in the ‘corncob’ package in R. Differentially abundant taxa were
considered significant using the parametric Wald test with a controlled false dis-
covery rate (p-value cut-off <0.05) **p < 0.01, ***p < 0.001.

In addition to Lachnospiraceae, Bacteroides similarly associate with
brain reactivity to fear. In this regard, when we explored our data at the
ASVs level, we see many Bacteroides ASVs depleted in the tame strain
(Fig. 2A). Interestingly, Bacteroides are observed in high abundance in the
gut microbiota of wild red foxes from the grasslands in China™. Additional
analysis at the ASV level revealed 53 ASVs to be differentially abundant
between the aggressive and tame behavioral strains, and an additional 23
ASVs were discriminant to either selection line (Fig. 2; Supplementary
Data 1). Most of these differences occurred in abundant and highly pre-
valent taxa (Fig. 2B). In addition to the depletion of Bacteriodes ASVs, we
detected a significant depletion of Alloprevotella, Prevotellaceae and Blautia
ASVs (Fig. 2A; Supplementary Data 1), all of which have previously been
associated with aggression in dogs, hamsters, mice and voles********’, Taken
together, these data suggest that the gut microbiota in tame foxes are
depleted of bacteria not only associated with aggressive and fearful beha-
viors, but also in taxa found in abundance in their wild counterparts. Fur-
thermore, similar patterns in the gut microbiome of other domesticated
animals have been observed, suggesting a role of the gut microbiome in
domestic behaviors.

Genome-resolved metagenomics characterize the neuroactive
potential of the fox gut microbiota

To identify novel gut bacterial species, and assess the functional potential of
the gut microbiota found in the aggressive and tame fox strains, we next
carried out shotgun metagenomic sequencing. Initially, we generated a
reference catalog of metagenome-assembled genomes (MAGs) using a
dataset of 123 samples that represented two collection years (2015 + 2017)

(tame (n = 61); aggressive (N = 62)). Briefly, the metagenomic data yielded
15.8 billion high-quality short-reads, of which ca. 30-70% (per sample)
mapped to the fox genome (Supplementary Data 2a). After removing reads
corresponding to the fox genome, we performed a large metagenomic co-
assembly (7.09 billion reads), which produced 105,106 contigs >2500 nt.
Subsequent manual binning within the anvi'o®' framework using differential
coverage across all samples resulted in 237 non-redundant MAGs of which
50% of the reads mapped back to (Fig. 3A; Supplementary Fig. 3; Supple-
mentary Data 2b). Four samples had a sequencing depth of less than 10
million single-end reads (<1 Gb) after quality control, and were removed
from downstream analyses (as per recent recommendations™). At the
phylum level, MAGs were affiliated to Firmicutes (n = 145), followed by
Bacteroidetes (n=27), Proteobacteria (n=25), Actinobacteria (n=17),
Tenericutes (n=17), Spirochaetes (n=3), Cyanobacteria (n=1), Fuso-
bacteria (n = 1) and Deferribacteres (n = 1) (Fig. 3A). In addition, all MAGs
were affiliated to known bacterial orders, and 43% of them could also be
assigned to a known species (average nucleotide identity > 95%). Complete
taxonomic assignments using the Genome Taxonomy Database Toolkit
(GTDB-Tk)* are found in Supplementary Data 2b.

Modeled microbial abundance revealed 22 MAGs to be significantly
differentially abundant between the aggressive and tame fox strains, and an
additional 3 MAGs were discriminant to either strain (Fig. 3). Although
overlap between shotgun metagenomic and 16S data exist at broad taxo-
nomic levels™*, comparison of community structures across the two
sequencing strategies do not necessarily merge perfectly as a consequence of
differences in taxonomic databases” ™, detection limits®, sequencing
depths”* and PCR biases™”’. Nonetheless, corroborating 16S sequence
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