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Exploring the potential effects of forest o

urbanization on the interplay between small
mammal communities and their gut microbiota

Marie Bouilloud'?", Maxime Galan', Julien Pradel’, Anne Loiseau’, Julien Ferrero!, Romain Gallet',
Benjamin Roche? and Nathalie Charbonnel’

Abstract

Urbanization significantly impacts wild populations, favoring urban dweller species over those that are unable

to adapt to rapid changes. These differential adaptative abilities could be mediated by the microbiome, which may
modulate the host phenotype rapidly through a high degree of flexibility. Conversely, under anthropic perturba-
tions, the microbiota of some species could be disrupted, resulting in dysbiosis and negative impacts on host fitness.
The links between the impact of urbanization on host communities and their gut microbiota (GM) have only been
scarcely explored. In this study, we tested the hypothesis that the bacterial composition of the GM could play

a role in host adaptation to urban environments. We described the GM of several species of small terrestrial mam-
mals sampled in forested areas along a gradient of urbanization, using a 16S metabarcoding approach. We tested
whether urbanization led to changes in small mammal communities and in their GM, considering the presence

and abundance of bacterial taxa and their putative functions. This enabled to decipher the processes underlying
these changes. We found potential impacts of urbanization on small mammal communities and their GM. The urban
dweller species had a lower bacterial taxonomic diversity but a higher functional diversity and a different composi-
tion compared to urban adapter species. Their GM assembly was mostly governed by stochastic effects, potentially
indicating dysbiosis. Selection processes and an overabundance of functions were detected that could be associ-
ated with adaptation to urban environments despite dysbiosis. In urban adapter species, the GM functional diversity
and composition remained relatively stable along the urbanization gradient. This observation can be explained

by functional redundancy, where certain taxa express the same function. This could favor the adaptation of urban
adapter species in various environments, including urban settings. We can therefore assume that there are feedbacks
between the gut microbiota and host species within communities, enabling rapid adaptation.
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Introduction
Urbanization, the process of making an area more urban
through higher human population presence and occu-
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Urbanization may induce rapid and abrupt changes that
hinder the adaptation of species reliant on specific natu-
ral environments [73], ultimately leading to the extinc-
tion of entire populations [88]. Species that are highly
sensitive to urbanization-related changes and are unable
to survive in urban areas are called 'urban avoiders’ [27].
On the opposite, some species benefit from these anthro-
pogenic impacts. Cities can be a refuge with abundant
human food and a release from biotic pressures such
as predation and competition [59, 112]. Certain species
have successfully adapted and flourished in urban envi-
ronments. These species attain high population densities
in cities [81, 101]. When they specialize to the point of
living at the expense of humans, they are named urban
dwellers [27]. Species with the ability to adapt to a wide
range of environments and resources [87] are named
urban adapters [27]. These species tolerate urban condi-
tions, in particular green areas, but also survive in rural
environments.

Understanding why and how some species adapt to
urbanization is pivotal to addressing issues related to bio-
diversity crises [103]. Urbanization can trigger changes
within species, driven by processes such as selection, epi-
genetic inheritance, and phenotypic plasticity [52, 78].
Recently, Alberdi et al. [1] advocated for a critical role of
the microbial community in promoting host adaptation
to rapid environmental changes, especially through its
impact on host phenotypic plasticity. On one hand, the
bacterial composition of the gut microbiota (noted “GM”
hereafter) impacts animal biology and evolution by pro-
viding or influencing essential services that contribute to
its health [84] including nutrition and metabolism [80],
immunity [6] or behavior [24]. On the other hand, the
GM is shaped by host characteristics (e.g. genomics, age
or sex, [8, 83]), environmental features (e.g. climatic fac-
tors, resources, [29, 113]) and their interactions [105]. In
addition, the GM can respond rapidly to environmental
changes due to microbial flexibility (i.e. the adaptability
or responsiveness of the microbial community through
changes in taxonomic diversity and/or composition,
[104]) but also to bacterial short-generation time and
high mutation rate.

Urbanization may lead to various alterations in the bac-
terial gut microbiome by influencing the ecological pro-
cesses that govern the assembly of bacterial communities,
among which ecological drift, dispersion and selection
[12]. Neutral changes are observed when the initial GM
community is constant from a taxonomic or functional
point of view [68]. Such changes could increase hosts’
phenotypic plasticity, which may be a prerequisite for
adaptation [1].

Adaptive changes may occur as a consequence of vari-
ations in bacterial taxa driven by their relative ecological

Page 2 of 21

fitness, subsequently leading to changes in the composi-
tion and diversity of GM. These changes can allow hosts
to survive in new ecological niches, notably through the
ability to digest new food sources, to improve metabolic
capacities or to increase tolerance to deleterious environ-
mental conditions [64]. Over several generations, selec-
tion may favor hosts with advantageous GM, especially
in disrupted environments [1, 68]. In the long term, there
may be congruence between the evolutionary history
of various host species and the community structure of
their associated bacterial microbiomes, which is named
phylosymbiosis [11, 49].

Lastly, maladaptive changes may also occur. They are
associated with the disruption of GM homeostasis. This
state is named dysbiosis [39] and has negative impacts on
host fitness and health through alterations in the qualita-
tive and quantitative composition of the GM or modifi-
cations in their metabolic functions [34]. Biomarkers of
dysbiosis include a decrease in GM alpha diversity and
higher heterogeneity of microbial composition between
hosts [74], what has been observed in several studies
analyzing the impacts of anthropogenic disturbances on
GM in wildlife [25, 54, 114]. The Anna Karenina princi-
ple (AKP), which is related to gut microbiome disper-
sion and stochastic assembly (i.e. random changes in the
establishment or extinction of bacterial taxa), proposes a
framework based on these characteristics to detect dys-
biosis. All healthy, balanced microbiota are similar, while
disrupted microbiota are all different [117]. Under the
AKP hypothesis, the level of microbiome dispersion and
stochastic assembly may therefore reflect dysbiosis. This
can lead to immune responses and metabolism dysregu-
lation [70], consequently impacting negatively the hosts’
health [10].

Predicting the impact of environmental disturbances,
especially urbanization, on wildlife and microbiota has
been the topic of several studies this last decade. How-
ever, many of these studies have focused on a single host
species (e.g. [25, 94, 95, 98, 107]). The few studies that
investigated GM variations within host communities led
to incongruent patterns with either a stronger impact of
host phylogeny over habitats on GM assembly (e.g. [48])
or the opposite [97]. Therefore, gathering more data on
the relationships between urbanization, host community
assembly and their GM remains critical in the domain of
urban ecology [103].

Small mammals constitute a relevant model to test
hypotheses regarding these relationships. These animals
represent a large diversity of mammals, have colonized
a wide array of habitats and exploit diverse foraging
niches [89]. Several rodents and insectivores occur in
urban environments as urban adapters or urban dwell-
ers. Besides, a recent meta-analysis performed by Santini
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et al. [82] has revealed that high diet diversity was a main
factor predicting rodent adaptation to urbanization. This
suggests that the GM could be at the core of this adapta-
tion to urban environment.

Here, we have investigated the interlinkages between
urbanization, small mammal communities and their bac-
terial gut microbiome in forested areas. We analyzed the
presence and abundance of rodents and insectivore’s spe-
cies and the composition of their GM in different sites
within rural and urban forests. We first checked that
these sites mostly differed by their levels of urbanization,
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and we verified that small mammal species could be cat-
egorized as urban avoiders, adapters, or dwellers based
on their distribution. Secondly, we investigated the vari-
ation in GM considering different factors, including
host species, sampling sites, and individual features. We
performed community ecology analyses to examine the
differences in the composition and diversity of GM (1)
between host species categories of urbanization response
with regard to urban adaptation and (2) within host
adapter species between sites. Next, we inferred the eco-
logical processes (neutral and selective ones) that could
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Fig. 1 A We are testing the impact of urbanization on the composition of small mammal communities. Additionally, we are investigating

whether the diversity and composition of the bacterial gut microbiota are influenced by the sites sampled along the urbanization gradient

or by the small mammal species in presence. B Decision tree for interpreting changes in bacterial composition to highlight the processes that may
influence the bacterial gut microbiota and its response to urbanization. Taxonomic and functional compositions are represented by icons, with blue
indicating a change and grey an absence of change. Yellow diamonds represent ecological processes, and grey rectangles indicate the statistical
tests performed to infer underlying ecological processes. Step 1. The GLM & PERMANOVA tests assesses whether there is a change in GM diversity
and composition between sites that could be associated with urbanization. If there is no taxonomic change, it suggests that the bacterial gut
microbiota remains stable despite urbanization, whereas if there are changes, the GM is considered to be flexible. When taxonomic changes occur,
but functional changes are not necessarily present or are weak, redundancy processes may underlie the assembly of microbial communities. Step
2.Redundancy analysis is applied to identify situations where bacterial taxa express the same function (considered redundant) or where each
taxon expresses its own function (not redundant). This test is followed by a null model test (NTI) to determine the mechanisms that may

underlie the redundancy. These mechanisms can be selective processes through overdispersion (indicating competition between bacterial taxa)
or underdispersion (indicating cooperation between bacterial taxa), resulting from abiotic or biotic effects among bacterial taxa. Additionally,

it is worth noting that phylogenetic dispersion between bacterial taxa can also be influenced by neutral effects. Otherwise, when taxonomic

and functional changes occur, stochastic or deterministic processes may underly GM assembly. Step 3. The betadisper test examines differences

in intragroup variances. High variance may result from strong selective pressures, such as dietary variance, or stochastic effects indicating processes
favoring dysbiosis (see Anna Karenina's principle, [117]). Conversely, healthy species tend to express similar essential functions, resulting in lower
variance. The null model helps to determine whether GM assemblage is primarily driven by stochasticity or determinism. Step 4. We use DESeq?2
test to identify the functions that may be subject to selection. A heatmap enables to illustrate these functional changes between different host
species and sites, reflecting the different levels of urbanization. The colored rodent icon indicates the likely impact of GM changes on its health. Grey
represents a neutral effect, red a detrimental effect and green a beneficial effect
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underly the variations observed in GM composition and
assembly, as well as the potential impacts of GM changes
for the hosts (e.g. neutral, adaptative or maladaptive), fol-
lowing the decision tree detailed in Fig. 1. Overall, this
study enabled to emphasize potential links between GM
and small mammals’ responses to urbanization.

Material and methods
Data collection
Sampling and characterization of small mammals
We trapped small terrestrial mammals in four sites in
Eastern France, in autumn 2020 (Additional file 1: Fig.
S1). Two of them were located within the extensive rural
forests of the French departments Ain (FRFCOR: Cor-
maranche en Bugey, 200.000 ha) and Jura (FREMIG:
Mignovillard; 250.000 ha). These sites were separated by
approximately 140 km. The two other sites were forested
areas within urban parks located in the Lyon metropolis
(1.5 millions inhabitants). One park was situated in the
heart of the city (FRPLTO: Lyon, Parc de la Téte d'Or;
105 ha) while the other one was a peri-urban park sur-
rounded by residences but still connected to the forest
(FRPDLL: Marcy l'étoile, Domaine Lacroix Laval; 115 ha).
The distance between these two parks is approximately
20 km, and they are both around 150 km away from the
two forested sites. More detailed information concerning
the sampling design, capture results, and individual infor-
mation were detailed in Pradel et al. [75]. Sexual maturity
was determined a posteriori based on morphological and
sexual characters. Animal trapping and sample collection
were conducted according the EU Directive 2010/63/EU
for animal experiments, as described in Pradel et al. [75].
The trapping success, often utilized as an indicator of
relative rodent abundance when employing lethal traps,
was estimated by analyzing the capture results obtained
from the initial three nights of trapping [75]. It was calcu-
lated following Aplin et al. [4] as In(1-number of rodent
trapped /(number of trapsxXnumber of nights))x(-100)
(Additional file 2: Table S1.1).

Environmental characterization of sampling sites

We characterized the level of site urbanization as well as
other potentially distinguishing environmental features
using Corine Land Cover ([18], 100 m of resolution) and
Qgis software [43]. We extracted land cover area estimates
for each site (Additional file 1: Fig. S1). Urbanization was
quantified through the variables ‘Green urban areas,
‘Industrial’ and ‘Continuous urban fabric! In addition, we
used Corine Land Cover of forests (10 m of resolution)
to estimate forest fragmentation using the Landscapem-
etric package [37]. These calculations were made for each
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site by considering a 3 km buffer around the barycenter
of the traps. Lastly, we extracted bioclimatic indices from
the CHELSA database (1 km of resolution, https://chelsa-
climate.org/,[43]) for each site using the coordinates of
the traps’ barycenter (Additional file 2: Table S1.2).

Gut microbiota sequencing

For each individual, we extracted DNA from a 5 mm
piece of colon tissue (lumen was removed) with the
DNeasy 96 Blood and Tissue kit (Qiagen). We followed
the manufacturer’s instructions, with the exception of
the addition of a bead-beating for 5 min with 500 mg of
0.5 mm zirconia beads in a TissueLyser (Qiagen) after
the proteinase K digestion, as recommended in [17]. We
amplified the V4 region of the 16S rRNA gene by PCR
with the primers 16S-V4F [GTGCCAGCMGCCGCG
GTAA] and 16S-V4R [GGACTACHVGGGTWTCTA
ATCC]) following the PCR conditions and program
described in Galan et al. [28] and Kozich et al. [51] Vari-
ous controls were included to facilitate bioinformatics
sorting of the sequences, including replication of libraries
for all samples as well as negative controls for extraction,
PCR and indexing, and the ZymoBIOMICS Microbial
Community Standard (Zymo). We performed a run of
2x251 bp MiSeq paired-end sequencing. Information
about the sequencing of samples and the raw sequence
reads are detailed in the Zenodo repository (https://
zenodo.org/record/8143272). In particular, the number
of reads per sample after denoising is detailed in the file
“Sample_Informations”.

Sequence processing
Amplicon sequence variants (ASVs) were generated
using dada2 analysis pipeline (Qiime2_2021.11) [7, 13].
Both R1 and R2 reads were trimmed at 180 and 120
base-long respectively. This procedure improved the
average quality of the reads (> Q30) and maximized the
proportion of R1-R2 merging (approximately 80% of
the total number of reads). Chimeric sequences were
identified by the consensus method of the removeBi-
meraDenovo function. Taxonomic assignments were
performed using blast+ implemented in the FROGS
workflow [23] and the SILVA rRNA 138.1 database
excluding the sequences with a pintail quality <100
(http://www.arb175silva.de/projects/ssu-ref-nr/).

Further analyses were implemented in R v4.0.3 [77].
Scripts are available in Zenodo repository (https://
zenodo.org/record/8143272). Sample metadata, abun-
dance table, taxonomy table and tree are linked in the
phyloseq object using the Phyloseq package [62].

We filtered false positives following the strategy
described in Galan et al. [28]. In short, we discarded
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positive results with sequence counts below two ASV-
specific thresholds, which checked respectively for (1)
cross-contamination between samples or the presence
of kitome during DNA extraction and PCR steps (T¢¢
for Threshold cross-contamination), and (2) incorrect
assignment due to the generation of mixed clusters on
the flowcell [47] during Illumina sequencing (Tg, for
Threshold false-assignment). The T corresponds to the
maximum number of reads observed in a negative con-
trol for DNA extraction or negative control for PCR for
each ASV. The Ty, corresponds to the putative maximum
number of reads assigned by mistake to a wrong sample.
We have chosen a Mycoplasma capricolum sample as
an internal DNA control, with a maximum rate of read
misassignment of 10~* in all MiSeq sequencing runs con-
ducted in our laboratory from 2020 to 2022. Finally, for
each sample and each ASV, only the occurrences con-
firmed by the two technical replicates were kept in the
dataset. At this stage, the reads of the technical replicates
for each sample were summed.

Based on the taxonomy of ASVs, only the kingdom
Bacteria was retained. The chloroplast phyla, the unaf-
filiated phyla and the Mitochondria family were removed.
We filtered individuals based on the rarefaction proce-
dure implemented in Phyloseq. Individuals for which the
sequencing depth was insufficient to determine all the
ASVs present (i.e. for which the plateau had not been
reached) were deleted. The phylogenetic tree of ASVs was
built after these filtration steps with FROGS using Fast-
Tree [76] and on the basis of a multiple alignment per-
formed with MAFFT [45].

Next, we removed individuals corresponding to a low
number of captures per site and species (threshold of five
individuals/species/sites). We also excluded individuals
found dead in the traps. Their GM composition differed
from that of individuals captured alive, what could be
explained by an advanced stage of degradation of the GM
of these former individuals [57]. We also removed Glis
glis individuals from the statistical analyses dedicated to
GM, as the GM of this species exhibited an extremely low
level of diversity with an overrepresentation of a particu-
lar ASV (Additional file 3).

ASVs number of reads were finally normalized to pro-
portional abundance for each individual [61].

Statistical analyses

Composition of small mammal communities

We primarily tested whether the sampling sites differed
in their level of urbanization rather than being influenced
by other potential confounding factors. We performed a
multivariate analysis as recommended by Moll et al. [65].
After removing significant covariates detected by a Pear-
son correlation test, we performed a principal component
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analysis (PCA) with all environmental and bioclimatic
features using FactoMineR package [55]. We verified that
the first axis of the PCA explained a large portion of the
abiotic differences between sites and effectively captured
urbanization by contrasting sites with high artificial and
urban environments vs sites with larger forest areas,
which corresponds to our definition of urbanization. In
this case, we designated PCAL1 as the urbanization axis,
aligning with the approach proposed by Du Toit and Cil-
liers [22].

Next, we analyzed whether small mammal communi-
ties’ composition differed between sites, and we verified
that host species could be classified into three classical
categories of urbanization response, namely avoiders,
adapters and dwellers [27]. We utilized the Bray—Curtis
index to generate a dissimilarity matrix of small mam-
mals trapping success (abundance proxy) among sites.
We tested whether the urbanization score influenced
this dissimilarity matrix using the capscale function of
the vegan package [72]. Significance was assessed using
10,000 permutations. We selected the best model using
the ordiR?step function.

Gut microbiota taxonomic and functional diversity
Throughout this study, we described GM using informa-
tion relative to bacterial taxa (i.e. ASVs) and functional
metagenomic predictions obtained using Picrust2 soft-
ware [20], NSTI<2). For functional predictions, the
metabolic pathway description and enzyme classes were
obtained from the MetaCyc database [15].

Variations in the alpha diversity of the gut microbiota

We first estimated the GM alpha diversity, i.e. the diver-
sity of within-host bacteria, using the taxonomic rich-
ness, the Shannon index and two metrics considering
taxa phylogenetic diversity, estimated using the picante
package [46]. These metrics are the Faith index which
corresponds to phylogenetic diversity (PD) and the Near-
est Taxon Index (NTI) [108], which reflects phylogenetic
structuring near the ends of the tree. Finally, in order to
address functional diversity, we calculated the richness
index of predicted functions using MiscMetabar (e. g. [2,
79, 96]).

We next tested the relative influence of host species,
sampling sites, and their interaction on the taxonomic
and functional diversity indices described above using
generalized linear models (GLMs). Urbanization per se
could not be tested directly due to other potential abi-
otic factors distinguishing sites. Individual factors such
as maturity and sex of animals were also investigated. We
used the negative binomial distribution for species rich-
ness and the Gaussian distribution for the other indices.
We highlighted the deviation and dispersion of the model
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residuals from normality with the DHARMa package
[33] and we applied transformation when necessary. The
selection of the best model was made by considering all
possible model combinations using the dredge function
of the MuM!In package and the Akaike information cri-
terion corrected for small sample size AICc [41]. We then
averaged the partitioned variance of each factor in the
best model using variancePartition [38]. When site and/
or species factors were significant, Tukey’s post-hoc tests
were applied to assess pairwise differences in modalities,
using the multcomp package [40]. Because species were
not evenly distributed among sites, the dataset was not
balanced. To better assess the interaction effect, a factor
combining species and site was defined (named species-
site hereafter). A linear model was applied, followed by
a Tukey post-hoc test comparing only possible biologi-
cal interactions with a contrast matrix. Specifically, we
compared the diversity (1) between host species within a
given site and (2) within adapter species between sites to
explore the potential effects of urbanization.

Ecological processes shaping the diversity of the gut
microbiota

We used two approaches to infer the relative influence of
ecological processes in shaping the GM taxonomic and
functional diversity.

We examined the importance of functional redundancy
by analyzing the correlations between bacterial func-
tional and taxonomic richness for each species-site com-
bination (Fig. 1B, step 2). A slope lower than 1 indicated
functional redundancy, i.e. multiple bacterial taxa having
the same function [53], while a slope greater than 1 indi-
cated that bacterial taxa may have more than one func-
tion. We tested whether these slopes differed significantly
between species-site combinations, using an analysis of
covariance (ANCOVA) performed with a GLM. A post-
hoc test was applied using emmeans_test with rstatix
package [44] to compare pairs of slopes between species-
site combinations. Here, we considered the taxonomic
richness as a covariate of functional richness. The matrix
contrast of biological pairs and Benjamini—Hochberg
corrections for multiple tests were implemented to assess
the significance of interactions.

Next, NTI values provided information about the rela-
tive influences of stochastic and deterministic processes
on GM composition [109]. When GM is predominantly
influenced by stochastic processes, its phylogenetic com-
position is expected to align closely with random com-
munity assembly expectations (—2<NTI<2). In the
opposite, selection mediated by environment (environ-
mental filtering) should lead to phylogenetic clustering,
i.e. the coexistence of taxa that are more closely related
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than expected by chance (NTI>2). Selection mediated by
bacterial species competitive interactions should lead to
phylogenetic overdispersion, i.e. the coexistence of taxa
that are more distantly related than expected by chance
(NTI<—2). We tested these hypotheses by compar-
ing bacterial ASVs phylogeny to a null model, generated
by randomizing the ASV labels between taxa (with the
parameter: null. model ="taxa.labels"; Fig. 1B, step3).

Gut microbiota taxonomic and functional composition
Variations in the beta diversity of the gut microbiota We
measured GM beta diversity, which refers to bacteria
diversity between hosts, to compare taxonomic and func-
tional composition with regard to host species, sampling
sitesand individual features. Additionally, we examined (1)
between host species categories of urbanization response
and (2) within host adapter species between sites.

Dissimilarities in taxon composition (ASVs) were cal-
culated based on the normalized ASVs abundance table
and the weighted unifrac index. This index considers
both the abundance of ASVs and their phylogenetic rela-
tionships. Results gathered from other indices (Jaccard,
Bray—Curtis and Unifrac are presented in Additional files
only). We analyzed changes in GM composition between
sites using the vegan package [72]. We tested the influ-
ence of small mammal species, sites and individual fac-
tors (sex and maturity) on GM composition using a
permutational analysis of variance (PERMANOVA)
implemented with the capscale function. The best model
was selected using permutation tests in constrained ordi-
nation, and the ordiR’step function maximizing the R?
value. Besides, we performed a distance-based redun-
dancy analyses (db-RDA) from the previously obtained
constrained ordination. This enabled to highlight, in
addition to the “pairwise adonis” post-hoc test, the varia-
tion between each pair within sites and species.

Ecological processes shaping the composition of gut micro-
biota 'We applied several approaches to infer the relative
influence of ecological processes in shaping the composi-
tion of the GM (Fig. 1B).

First, PERMANOVA analyses were performed to pro-
vide information on GM flexibility (Fig. 1B, step 1). We
considered both variations in GM composition between
sites for adaptive species, to explore the potential effects
of urbanization, and variations in GM composition
between sympatric urban adapter and dweller species.

Second, we tested whether the variations in GM com-
position resulted from adaptive or non-adaptive changes.
We estimated intra-host species and intra-site disper-
sion using the PERMDISP2 test implemented with the
betadisper function. High dispersion indicated that the
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GM composition was likely to be driven by stochastic
processes while low dispersion could reflect selective
processes favoring similar microbial functions (Fig. 1B,
step 3).

In addition, the null model approach was applied to
quantify the contribution of ecological processes (sto-
chasticity vs selection) on GM composition assembly and
turnover [92]. We followed the procedure described by
Barnett et al. [5] to generate the Pf-nearest taxon index
(BNTI). Briefly, we used the comdistnt function from the
picante package to determine the f-mean-nearest taxon
distance (BMNTD). We generated null values of BMNTD
by randomly reshuffling 1,000 times the extremities
of the phylogenetic tree. Finally, PNTI was calculated
according to the formula: BNTI=(BMNTDobserved-
mean (BMNTD null))/ standard deviation (BMNTDnull).
Selection was a major process when BNTI was lower than
—2 or higher than 2 [92]. In this case, the phylogenetic
turnover of the GM was lower or higher than expected
by chance respectively. In contrast, when BNTI values
ranged between —2 and 2, we concluded that stochastic
processes were the main drivers of the GM composition.

After clustering individuals by species-site combina-
tion, we counted the number of observations of each
ecological process, according to the BNTI values, within
each combination. We performed a chi-2 test to detect
observations that were significantly different from null
expectations.

Lastly, we determined whether individuals from a
given species-site combination had more similar func-
tions than individuals from different species-site combi-
nations, which could be the result of selective processes
(Fig. 1B, step 4). This analysis was performed using the
DESEq?2 package with count data and a negative binomial
family (the Wald Test parameter) [58]. We added+1 to
the abundance dataset to avoid a zero-inflation bias.

Results

Urbanization influences small mammal communities
Based on a sampling effort of 2163 traps-nights, we
recorded a total of 228 small mammals, i.e. a global
trapping success rate of 10.5%. These individuals cor-
responded to 14 species. Nine species belonged to the
order Rodentia and to four families: Gliridae (Glis glis),
Sciuridae (Sciurus vulgaris), Muridae (Rattus norvegicus,
Mus musculus, Apodemus sylvaticus and Apodemus flavi-
collis) and Cricetidae (Myodes glareolus, syn. Clethriono-
mys glareolus, Microtus arvalis and Microtus agrestis).
Five species belonged to the order Soricomopha and
Soricidae family (Sorex araneus, Sorex coronatus, Neo-
mys fodiens, Crocidura russula and Crocidura leucodon)
(Additional file 4: Fig. S2.1).
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Sampling sites differ by their level of urbanization

The first axis of the PCA based on site characteristics
explained 60.97% of the total variation and contrasted
sites with high artificial and urban environments vs sites
with larger forest areas (Fig. 2A), which corresponds to
our definition of urbanization (more settlements and
artificialization). Sampling sites were organized along
this axis, reflecting their different levels of urbanization,
and corroborating the opposition between urban sites
(FRPLTO and in a lesser extent FRPDLL) and rural sites
(FRFCOR and FRFMIG) despite potential other con-
founding factors.

Small mammal species exhibit distinct categories of response
to urbanization

The assembly of small mammal communities differed
among sampling sites (Fig. 2A; Additional file 4: Fig.
$2.2). Although the geography, climate and land use
explained part of this variation (Additional file 1: Fig. S1;
Additional file 2: Table S1.2), urbanization was the main
factor driving the differences observed between sites.
Rural sites homed seven (FRFCOR) or eight (FREMIG)
small mammal species and they had six species in com-
mon. Urban sites homed fewer small mammal species
(respectively five in FRPDLL and six in FRFLTO) and
they shared three species. FRFDLL also had three spe-
cies in common with the rural sites, while FRFPLTO had
only one species in common with these sites. The level of
sharing of small mammal species among sites is detailed
in Additional file 4: Fig. S2.2.

The CCA based on small mammal relative abundance
revealed that sites differed in the composition of small
mammal communities and this variation was found to
be associated with urbanization (Fig. 2B). The first axis
of the CCA explained 80% of the total variance and it
represented the urbanization score. PERMANOVA tests
showed that small mammal community composition
was significantly influenced by PCA1 coordinates, i.e.
the score of urbanization (F=5.36, p=0.04) with 57% of
the variance explained by this factor (Additional file 2:
Table S1.4).

Small mammal species corresponded to the avoider,
adapter and dweller categories defined in the literature
to describe wildlife responses to urbanization [27]. Some
species, G. glis, M. agrestis, S. araneus, S. coronatus, N.
fodiens and C. leucodon, were urban avoiders. Their rela-
tive abundance was always lower than the urban dweller
and adapter species. Other species were present in both
rural and urban sites. These urban adapters are M. glare-
olus, A. flavicollis and A. sylvaticus (Fig. 2C). They var-
ied in abundance between sites: the relative abundance
of A. sylvaticus increased along the urbanization gradient
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while the relative abundance of M. glareolus and A. fla-
vicollis decreased with urbanization. They were even
absent from the most urbanized site FRPLTO. In con-
trast, urban dwellers, namely R. norvegicus, M. musculus,
S. vulgaris and C. russula, were relatively abundant com-
pared to urban adapters.

Most avoider urban species exhibited very low abun-
dance, even in rural forests (Neomys fodiens, Sorex ara-
neus, S. coronatus, Crocidura leucodon). All these species
are categorized into the ‘low concern’ category in the
IUCN red list of threatened species in France, although
N. fodiens is classified as ‘vulnerable’ in some parts of

Eastern France (Alsace). Given their rarity, these species
were excluded from subsequent analyses of GM diversity
and composition, with the exception of C. leucodon.

In urban parks, the number of Microtus arvalis, M.
agrestis and Sciurus vulgaris, per site was lower than 5,
mostly due to field constraints, so we removed these spe-
cies from further microbiome analyses.

Urbanization influences alpha diversity of small mammal
gut microbiota

After the filtration steps, we obtained a total of 5478
ASVs from 222 small mammals (Additional file 5: Fig.
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S3), resulting in 1969 enzyme commissions (ECs) and 383
metabolic pathways. For all analyses, we found similar
results between EC and metabolic pathway diversity, so
we only presented the results relative to pathways below.

Small mammal species identity influences gut microbiota
alpha diversity (Fig. 1B, step1)

The analyses were conducted on the seven small mam-
mal species with a sufficiently large effective (Myo-
des glareolus, Apodemus flavicollis, A. sylvaticus, Mus
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musculus, Rattus norvegicus, Crocidura russula and
Crocidura leucodon, see details in Additional file 5: Fig.
$3). Small mammal species was the main factor explain-
ing variations in GM alpha diversity, whatever the indi-
ces analyzed (GLM, taxonomic richness: F=80.42,
p=<2.2e—16; Shannon index: F=56.75, p=2.2e—16;
Faith’s PD: F=37.58, p=2.2e—16, Fig. 3A; functional
diversity: F=7.29, p=4.4e—07; Fig. 3B; Table 1).
Among Muridae, the GM of the three urban adapter
species, A. sylvaticus, A. flavicollis, and M. glareolus,
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Table 1 Results of the best models for the different GLM tests performed for each taxonomic and functional diversity index

Data Metrics Bestmodels F value P value R? Total Variance %
Sites 10.06 3.17e-06  0.040 |4
Specific Richness Maturity 252 0.11 0.002 |0
Small mammal 80.42 <2.2e-16 - _
species
Sites 438 5.15e-03  0.020 |3
Maturity 497 0.03 0.008 |1
SAennarn noex Sex 295 0.09 0.004 |2
Taxonomic diversity
Small mammal 56.75 <2.2e-16 - _
species
Sites 14.77 9.24e-09 0.140 -
Phylogenetic Diversity
Small mammal 3758 <2.2e-16 - —
species
Sites 2.80 0.04 0.210 -
N Small mammal 2081 <2e-16 (0360 (EEEEEED
species
Sites 1213 237e-07 0180 (D
— Maturity 449 004 0020 |3
Functional diversity Specific Richness
Small mammal 7.29 4.40e-07 0.150 -
species

For each variable in the best model, the F value, the P value, R? and the percentage of the variance explained are indicated (some factors explain the same proportion
of the variance). The red gradient indicates the importance of the R? and of the variance explained in the models

exhibited similar levels of alpha diversity, whatever the
indices considered (Fig. 3; Additional file 6: Table S2.1).

The GM taxonomic diversity was significantly lower
for urban dweller species than for urban adapter spe-
cies (Fig. 3A; Additional file 6: Table S2.1). C. russula,
M. musculus and R. norvegicus had lower taxonomic
diversity than Apodemus sp. and M. glareolus in FRP-
DLL and/or FRPLTO. This pattern was less pronounced
for R. norvegicus in FRPLTO when considering Shan-
non and PD indices compared to the taxonomic rich-
ness (Fig. 3A, Additional file 6: Table S2.2).

Conversely, the urban dweller species showed a
greater GM functional diversity than the urban adapter
species (e.g. M. musculus, R. norvegicus and C. russula
compared to A. sylvaticus in FRPLTO, or C. russula
compared to Apodemus sp. and M. glareolus in FRP-
DLL; Fig. 3B; Additional file 6: Table S2.2).

Gut microbiota alpha diversity differs between sites (Fig. 1B,
step1)

Overall, the GM diversity changed between sites for all
diversity indices considered except N'TI, with a maxi-
mum level reached in FRPDLL (Fig. 3A and B, Additional
file 6: Table S2.1). The GM diversity of adapter species
was lower in the rural sites FREMIG and FRFCOR than
in the urban ones FRPLTO and FRPDLL (Additional
file 6: Table S2.1). This potential impact of urbanization
was dampened when considering the Shannon index
(Additional file 6: Table S2.1).

The interaction between species and site significantly
explained variations of alpha diversity in all the models
tested (GLM; Taxonomic richness: F=43.86, p<2.2e—16;
Shannon: F=33.67, p=2.2e-16; PD: F=21.39,
p<2.2e-16; Functional richness (Pathway): F=9.27,
p=5.58e—15; Additional file 6: Table S2.2). The GM alpha
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diversity of M. glareolus and A. flavicollis, but not A. syl-
vaticus, varied between sites, showing maximum values
for the peri-urban park FRPDLL, whatever the indices
considered (Additional file 6: Table S2.2).

Gut microbiota functional redundancy and phylogenetic
clustering vary between sites (Fig. 1B, step2)

Functional redundancy was analyzed through the covari-
ance between functional and taxonomic richness indices.
We found that it was significantly influenced by small
mammal species (ANCOVA, F=19.71, p=2.2e—16), site
(ANCOVA, F=6.71, p=2x10"% and sex (ANCOVA,
F=5.26, p=0.02) (Fig. 3C). Overall, the covariance was
higher for urban dweller species than for urban adapter
species, suggesting a lower level of functional redundancy
for urban dwellers (Fig. 3C; Additional file 6: Table 52.3).
This pattern was also significant at the scale of a particu-
lar site. For example, at FRPLTO, the covariance between
functional and taxonomic richness indices for all urban
dweller species was higher than 1 (R. norvegicus, a=3.30;
M. musculus, a=5.70; C. russula, a=17.00) whereas it
was lower than 1 for A. sylvaticus indicating functional
redundancy for this urban adapter species (A. sylvaticus,
a=0.37).

The covariance between functional and taxonomic
richness indices changed between sites for urban adapter
species, with high levels of functional redundancy in
urban parks but not in rural forests (Additional file 6:
Table S2.3; Fig. 3C; M. glareolus: FREMIG, a=2.10,
FRFCOR, a=1.90 and FRPDLL, a=-0.02; A. flavi-
collis: FREMIG, a=2.10, FRECOR, a4=1.90; FRPDLL,
a=-0.59; A. sylvaticus: FRFCOR, a=2.10, FRPDLL,
a=0.93 and FRPLTO, a=0.37).

NTI showed significant variations mainly among
species categories of urbanization response (F=29.8,
p=2.2e—16). We detected high NTI values for urban
adapter species (NTI< —2), indicating a significant phylo-
genetic clustering (Fig. 3A. Additional file 6: Table S2.1).
No significant pattern was detected for the urban dweller
species (NTI values ranged between — 2 and 2, close of 0).
No changes were observed between sites for the adapter
species (Additional file 6: Table S2.1).

Gut microbiota composition changes with urbanization
Gut microbiota composition varies between sites (Fig. 1B,
Step1)

The taxonomic composition of the GM, as summarized
with beta diversity indices, was significantly influenced
by small mammal species (PERMANOVA, R?>=0.32,
F=12.57, p=0.001) and sites (PERMANOVA, R?>=0.08,
F=9.06, p=0.001) (Additional file 7: Table S3.1). We
observed the same results for the GM functional com-
position (PERMANOVA, species: R*=0.25, F=8.50,
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p=0.001; sites: R*=0.08, F=7.70, p=0.001; Additional
file 7: Table S3.1).

The db-RDA (Fig. 4A, B) provided a more detailed pic-
ture of differences in GM composition between sites and
species (See Additional file 8: Fig. S4 for results obtained
with Jaccard, Bray—Curtis and Unifrac indices). We found
that the clustering of individuals was driven by their spe-
cies affiliation, then by their adaptation to urbanization
rather than by their phylogeny (partial Mantel test, ASV:
R=0.61, p=0.004; function R=0.58, p=0.004; Addi-
tional file 9: Fig. S5, Additional file 7: Table S3.2). Indeed,
the first axes opposed urban dweller species to urban
adapter species. The GM composition (ASVs and func-
tions) of A. sylvaticus (family Muridae) was closer to the
one of M. glareolus (family Cricetidae) than to the one of
R. norvegicus or M. musculus (family Muridae) (Fig. 4).
These differences were also observed when considering
species living in sympatry, especially at FRPLTO (Addi-
tional file 7: Table S3.1, Additional file 8: Fig. S4).

Urban adapter species showed contrasted changes in
GM composition between sites. No change in taxonomic
nor functional composition was observed for A. sylvati-
cus (ASV: Fig. 4A, F=1.60, p=0.052; function: Fig. 4B,
F=1.46, p=0.110). A. flavicollis GM composition slightly
changed between sites at both the taxonomic (Fig. 4A,
F=2.03, p=0.020) and functional (Fig. 4B, F=3.22,
p=0.010) levels. M. glareolus GM changed between sites
at the taxonomic level (Fig. 4A; F=1.87, p=0.020) but
not at the functional level (Fig. 4B; F=1.58, p=0.090).
Regardless of the species, the low variance accounting
for differences in GM composition between sites indi-
cates minimal spatial fluctuations in the GM composition
(Fig. 4A, B).

The relative influence of ecological processes driving
bacterial gut microbiota composition varied among sites
(Fig. 1B, step3). We showed that the overall dispersion
of the GM composition differed between sites (Betadis-
per test, ASV: F=17.53, p=3.16e—10; function F=11.73,
p=3.78¢e—07, Additional file 10: Fig. S6), and reached
higher values in the more urbanized park FRPLTO (Addi-
tional file 7: Table S3.3). Small mammal species differed
significantly in terms of dispersion (Betadisper test, ASV:
F=6.67, p=9.37e—08; function: F=31.85, p=2.2e—16).
Urban adapter species exhibited lower levels of disper-
sion than some urban dwellers, mainly in urban parks
(e.g. C. russula for both taxonomic and functional com-
position; M. musculus for the functional composition
only, Additional file 7: Table S3.3).

When we considered species-site combinations, we
showed that the dispersion in GM composition was
higher in rural sites than in the urban park FRDLL for
two urban adapter species M. glareolus and A. flavicol-
lis (Betadisper test, ASV: F=5.06, p=1.77e—06, Fig. 5A;
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function: F=16.30, p=2.2e—16, Fig. 5B; Additional file 7:  Additional file 11: S7). We detected a strong influence of
Table S3.3). stochasticity in dweller species (C. russula in FRPDLL
We next assessed the relative influence of community and FRPLTO, 86% and 94%, respectively; R. norvegicus in
assembly processes using the PNTI index. Phylogenetic =~ FRPLTO, 89%), avoider species (C. leucodon in FREMIG,
turnover was mainly shaped by stochasticity (>60%) 86%) and for M. glareolus in the urban park FRPDLL
(Fig. 5C). The allocation of assembly processes within  (85%) (Fig. 5C, Additional file 11: S7).
species-site combinations was significantly different from The abundance of gut microbiota pathways and
what was expected (Chi-2 test, ¢>=120.5, p=2.2e—16).  enzymes varied between sites (Fig. 1B, step4). We found
The “small mammal species” and “sampling sites” factors 236 out of 383 metabolic pathways and 1064 out of 1969
had a significant effect on GM assembly. The GM assem-  enzymes with differential abundances between species-
bly of urban adapter species was relatively more influ- site combinations (Additional file 7: Table S3.4, Fig. 6;
enced by selection in rural forests (FREMIG: M. glareolus ~ Additional file 12: Fig. S8B). The urban dweller species
39%, A. flavicollis 36%; FRECOR: M. glareolus 31%, A.  diverged from urban adapter species due to an over-rep-
flavicollis 30% and A. sylvaticus 35%), as well as in the resentation of some hydrolases (ester bond group) and
urban park FRPDLL for A. flavicollis (36%) (Fig. 5C, transferases (sulfur and phosphorus containing groups,

(See figure on next page.)

Fig. 5 Boxplot of the distance to the centroid of each individual for each species-site combination at A taxonomic and B functional levels.

Each point corresponds to an individual and the colors correspond to small mammal species. The combinations are ordered according

to the urbanization gradient. C Processes responsible for bacterial assembly and turnover in each combination of small mammal species and site.
Percentage of pairs of individuals within each species-site combination for which selective processes (yellow) or stochastic processes (blue) are
emphasized
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acyltransferases, glycotransferases). Different enzyme
classes showed differential abundance between sites
for the three urban adapter species. Hydrolases (ester
bond group) were more abundant in urbanized sites for
M. glareolus and A. sylvaticus. For M. glareolus, we also
detected an over-representation of lyases (C.C. group)
and an under-representation of hydrolases (peptidases
and carbon nitrogen group) and oxidoreductases in FRP-
DLL compared to FREMIG and FRFCOR. For A. fla-
vicollis, we found an over-representation of transferases

(acyltransferases and one carbon) and isomerases (intra-
molecular lyases) in FRPDLL compared to FREMIG and
FRFCOR. The results for the taxonomic families and
pathways are summarized in additional files (Additional
file 7: Table S3.4, Additional file 12: Fig. S8A).

Discussion

Small mammal communities change with urbanization
Urbanization represents one of the most extreme forms
of land use change [42]. It is associated with significant
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modifications of wildlife community composition, result-
ing in an overall decrease of diversity with only specific
species capable of adapting to these highly anthropized
environments [82]. The key pre-requisites for this ability
to cope with urban environments include plasticity (eco-
logical, behavioral), dispersal abilities, high reproductive
output and a wide spectrum of habitat and diet require-
ments [82, 111]. Here we sampled small mammals in for-
ested sites with different levels of urbanization, defined
according to the extent of artificial features as well as
the size and fragmentation of the forests. We observed
marked changes in the composition of small mammal
communities between sampling sites, that are likely to be
mediated by urbanization, as previously shown in other
studies [31, 86]. This enabled us to classify small mammal
species into three categories with regard to urbanization,
namely the urban avoiders, among which one endan-
gered species in some part of France, the urban adapter
and the urban dweller species.

The differences in small mammal community compo-
sition between sites may result from differences in the
ecology and life-history traits of these animals, shap-
ing their ability to adapt to the rapid changes associated
with urbanization, and limiting biodiversity in more
urbanized areas (e.g. habitat fragmentation and pollu-
tion, [31]). Besides, urban sites can offer abundant and
continuous resources, as well as new refuges for small
mammals, which can lead to the coexistence of adapter
and urban dweller species [16, 71]. These processes may
lead to intermediate levels of biodiversity in intermedi-
ate habitats, as proposed by the intermediate disturbance
hypothesis (Connell 1978; [85]). The observed patterns of
diversity and composition of small mammal communi-
ties in the peri-urban park FRDLL could corroborate this
hypothesis, as already shown for other mammals (e.g.
[30D).

Host species-driven flexibility of the gut microbiota:

the influence of categories of urbanization response

Our findings showed that species identity was a foremost
determinant of GM diversity and composition. As noted
by Kohl [49], the GM exhibited inter-individual varia-
tion but remains relatively conserved based on the iden-
tity of the host species. Such phylosymbiosis (observed
concordance between the GM and the host species) has
already been described in former studies on sympatric
species of small mammals [48, 110].

Despite this undeniable role of host phylogeny in
microbial structure, our results emphasized significant
variations in the diversity and composition of the GM
among different species categories, potentially reflecting
their responses to urbanization. Specifically, we observed
that the structure of gut microbiota differed between

Page 15 of 21

categories, but were similar within each category, what-
ever the phylogenetic distance between small mammal
species. Varudkar & Ramakrishnan [102] previously
reported a similar pattern while comparing the GM of
two phylogenetically related rats in rural and urban habi-
tats. Habitat emerged as the main predictor of GM diver-
sity and composition. More studies are now required to
corroborate the strong impact of responses to urbani-
zation on inter-specific differences in GM. Specifically,
experimental manipulation of gut microbiome composi-
tion (e.g. fecal microbiota transfer between individuals)
would enable an assessment of the impact of these differ-
ences in GM between host species categories on critical
traits for coping with urban environments (e.g. behavior,
reproduction, diet). Additionally, it could shed light on
the relationships between GM and host health, through
GM influences on hosts’ sensibility to pathogens (e.g. [91,
99]).

Stochasticity, a major process shaping microbial diversity
and composition in urban dweller and avoider species

Our study highlighted the influence of distinct ecological
processes on the GM diversity and composition of urban
dweller vs adapter species. Urban dweller species had
higher levels of intraspecific variance in their GM com-
position than adapter species. This may be due to larger
ecological niche, for example with differences in diet
between urban and rural areas, as has been reported in
coyotes [95]. In rural forests, small mammals mainly eat
seeds, fruits, and insects [116], whereas in urban areas,
they may have access to a wider range of food sources
such as garbage and pet food [32]. However, other factors
beyond diet may also be at play, as this pattern of GM
variance was observed even when species were found
in sympatry and potentially sharing their resources and
habitats.

Our results provided evidence for a strong influence of
stochastic processes on the GM diversity and composi-
tion of urban dweller species. High variance of the GM
in these species could thus reflect the deregulation of
the bacterial composition and dysbiosis, with individu-
als acquiring different microbiota due to stochastic pro-
cesses [117]. Although this phenomenon has already
been observed in urban environments [93, 95], it remains
important in the future to investigate how this stochas-
ticity and high variance in GM composition impact the
physiology, health and fitness of small mammal species.
This is all the most important as large-scale GM stud-
ies conducted on humans have suggested that stochastic
processes strongly influenced the microbiome composi-
tion, without any effects detected on host health (e.g.
[26]). However, a recent meta-analysis has shown that
over 27 microbiome associated studies conducted on
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humans, about half of them showed an impact of sto-
chasticity on health disorders [60], therefore confirming
the Anna Karenina Principle for some diseases [117].

In addition, we detected higher levels of functional
richness and lower levels of functional redundancy in
urban dwellers compared to adapter species. Dweller
species had a GM that consisted of a small number of
specialized taxa with unique functions. The GM diver-
sity and composition might hence have contributed to
the specialization of these dweller species to urban envi-
ronments [64]. For instance, the urban dweller species
showed a lower representation of Muribaculaceae and
Rikenallaceae bacteria (as seen in mice fed with low fiber
diet, e.g. [106]) and an over-representation of Helicobac-
teraceae, as previously found in mice fed at high-fat diet
[3].

The higher representation of several enzymes and met-
abolic pathways in dwellers compared to urban adapter
species suggest that these functions could play a critical
role in urban dweller species adaptation in cities. Spe-
cifically, these functions could counteract the damaging
anthropogenic pressures encountered in such disturbed
environment, enabling urban dwellers to settle and per-
sist while being "sick". As such, in humans, genes encod-
ing for hydrolases are overexpressed in cities, and some
of the metabolic functions related to these enzymes are
involved in the regulation of cardiovascular diseases,
inflammatory responses and neurological diseases [67].

The gut microbiota (GM) of the urban avoider spe-
cies studied here, the soricomorph Crocidura leucodon,
exhibited similar patterns (low alpha diversity, high inter-
individual variance in GM composition) driven by the
same processes (low levels of bacterial competition and
functional redundancy, high rate of stochasticity) than
other urban dweller species, in particular the phylogenet-
ically close C. russula. This similarity may stem from eco-
logical specialization rather than urban adaptation (e.g.
[118]). The GM may play a role in the expansion or spe-
cialization of the host niche, known as the extended phe-
notype [69]. In this study, C. leucodon was trapped in a
single forest. As it inhabits open woodland environments
and agricultural areas, it would be interesting to investi-
gate the ability of this urban avoider species to resist or
respond to rapid environmental changes, as those experi-
enced due to climatic and anthropogenic changes.

Variable influence of ecological processes in shaping

the gut microbiota of urban adapter species in response

to urbanization

We next focused on urban adapter species and investi-
gated GM flexibility between sites, whose environmental
differences mainly reflected urbanization. We revealed
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an impact of urbanization on GM diversity and composi-
tion, as previously described for other mammals (e.g. [94,
95]).

Higher values of GM diversity and marked differences
in GM composition were observed in the peri-urban park
FRPDLL compared to forests in the three adapter spe-
cies. The patterns for taxonomic richness were less pro-
nounced when considering the Shannon index, meaning
that changes in bacterial diversity were mainly driven
by the presence of rare species. This could suggest a
potential cascading effect of changes in host communi-
ties on host microbial communities, or a similar impact
of environmental disturbance on both communities with
higher species diversity maintained in environments
with intermediate disturbance. This intermediate distur-
bance hypothesis (Connell, 1978; [115]) could explain
that microbial diversity in peri-urban parks (e.g. FRP-
DLL) originates from both urban and forest ecosystems
[85], a pattern that has been detected in several empirical
studies. With regard to GM, the higher diversity in these
habitats with intermediate levels of urbanization could be
mediated by a larger diversity of food available (e.g. [36])
resulting in larger ecological niche and greater external
microbial diversity [110].

Besides, we provided evidence for higher levels of func-
tional redundancy in urban parks than in forests. We
have detected signals of phylogenetic clustering result-
ing from strong bacterial filtering [109]. When a species
of bacteria cannot fulfill a specific function due to unfa-
vorable environmental conditions, another species or
group can step in. This ensures the stability of essential
functions and the robustness of GM [50, 68]. In urban
environments where wildlife is submitted to rapid and
negative perturbations, functional redundancy can ena-
ble buffering of these disturbances by mitigating func-
tional loss and securing important metabolic interaction
networks, consequently conferring resilience [35].

However, if this functional redundancy becomes exces-
sive, particularly due to intense environmental selection,
it could lead to a homogenization of functions, making
the microbiome less resilient to unexpected environ-
mental changes. This urban homogenization has been
observed in urban microbial soil [19]. Lastly, the rela-
tive importance of selection in shaping the GM of these
urban adapter species was slightly higher in rural than in
urban forests and we detected changes in enzymes and
metabolic pathways between sites that could be shared
by several adapter species. Altogether, these results indi-
cated that the GM composition of urban adapter species
are spatially stable despite contrasted levels of urbaniza-
tion. Besides, some variability in the observed patterns
emerged when comparing the three urban-adapter spe-
cies investigated in this study. Notably, the changes in
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GM diversity and composition observed in A. sylvaticus
between sites were less pronounced than in M. glareo-
lus and A. flavicollis. It is likely that species differ in their
abilities to cope with urbanization, even within a given
category, owing to variations in key life history traits such
as behavior, diet, reproduction. A. sylvaticus was the only
adapter species established in FRPLTO, which suggests
better abilities to respond to urbanization. However, cur-
rent small mammal databases referencing life history
traits have not enabled the identification of key features
associated with this capacity to cope with urbanization
(eg Pantheria, Elton, Additional file 6: Table S2). This
is likely due to the paucity and incompleteness of these
databases: the available data correspond to few locations,
whereas the geographic distribution of these species may
be large, with spatial variability in life-history traits).

Surprisingly, we found no evidence of signature of
dysbiosis in urban sites for these urban adapter species,
contrary to what could have been expected from other
studies (e.g. for the spiny rat Proechimys semispinosus
[25]). This suggests GM resistance or resilience [68, 90] in
the face of such environmental changes [1, 64, 104]), with
the impact of stochasticity being dampened by functional
redundancy [68, 90]. Temporal surveys are now neces-
sary to corroborate this effect of urbanization on GM
dynamics and evolution in urban adapter species and to
better understand how these responses to urbanization
may affect their fitness.

Conclusions

This study corroborated the strong interlinkages existing
between small mammal communities and their GM, that
might change with hosts’ and abiotic features. As such,
feedback loops might occur between host communities
and their microbiota in response to environmental per-
turbations [63, 66]. The gut microbiome is partly inher-
ited and shaped by the external environment. As such,
it may react to shifts in host communities that resulted
from environmental disturbances, through changes in
microbiota availability [14]. But the GM’s plasticity can
provide the hosts with the capacity to acclimate / adapt
to rapid environmental perturbations. This plasticity may
favor particular individuals or species through its impacts
on host health (immunity, feeding behaviour, ...), what
may in turn cascade into modifications in the assemblage
of host communities (Albery et al., 2016). These feed-
back loops are therefore dynamic processes where envi-
ronmental disturbances may affect host behavior or diet,
with impacts on the composition and diversity of the GM
potentially leading to dysbiosis and maladaptation. Con-
versely, alterations in the microbiota due to abiotic con-
ditions (e.g. pollution, temperature...) can influence the
host’s ability to adapt to its ecological niche.
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In our study, urbanization seemed to impact the
diversity and composition of GM, either as a cause or
a consequence of the host species’ ability to cope with
environmental changes. The observation of higher levels
of Helicobacteraceae and hydrolases (ester bond groups)
in dweller species, or in adapter species when trapped
in urban parks, raises the question of the ecological
advantage of these taxa and enzymes when coping with
urbanization. Notably, understanding the links between
these changes in GM and variations in diet between
habitats of contrasted urbanization levels would provide
valuable insights into the role of GM in the ecological
acclimatation/adaptation of small mammals in urban
environments.

In a more general perspective, the patterns detected in
this study now deserve further investigations to deepen
our understanding of the impacts of GM shifts between
individuals, sites and species, on host health. Previ-
ous works have highlighted associations between GM
diversity and/or composition on small mammal sensibil-
ity to pathogens (e.g. [9]). Further research should now
be conducted to assess the impact of urbanization on
the zoonotic risks associated with small mammals, con-
sidering not only changes in pathogens communities in
urban environments, but also the complex interactions
between small mammals communities, their GM and the
pathogens. This is particularly crucial in developed coun-
tries where the promotion of green cities is emphasized,
as well as in developing countries undergoing dramatic
urban expansion.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/542523-024-00301-y.

Additional file 1. Fig. S1. Spatial information about the sampling sites.
Additional file 2. Table S1. Small mammal communities analyses.
Additional file 3. Outliers.

Additional file 4. Fig. S2. Phylogeny and communities composition of
small mammal species.

Additional file 5. Fig. S3. Barplot of relative abundance of gut microbiota
at phylum and family levels.

Additional file 6. Table S2. Alpha diversity metrics and statistics for the
gut microbiome.

Additional file 7. Table S3. Beta diversity metrics and statistics for the gut
microbiome.

Additional file 8. Fig. S4. Distance-based redundancy analysis (db-
RDA) based on the composition of the gut microbiota of small mammal
species.

Additional file 9. Fig. S5. Tanglegrams.

Additional file 10. Fig. S6. Boxplot of the distance to the centroid of each
individual within the group of sites.

Additional file 11. Fig. S7. Processes responsible for bacterial assembly
and turnover in each combination of small mammal species and site.



https://doi.org/10.1186/s42523-024-00301-y
https://doi.org/10.1186/s42523-024-00301-y

Bouilloud et al. Animal Microbiome (2024) 6:16

Additional file 12. Fig. S8. Heat map based on DESeq? results illustrating
significantly different abundances between species-site combinations,
considering gut microbiota.

Acknowledgements

We are grateful to all the people who helped with field assistance and to S.
Piry for his help with data curation. We also thank J.F. Martin for his help with
bioinformatics and microbiota analyses. Data used in this work were partly
produced at the GENSEQ platform through the genotyping and sequencing
facilities of ISEM (Institut des Sciences de I'Evolution-Montpellier) and Labex
CeMEB (Centre Méditerranéen Environnement Biodiversite).

Author contributions

MB: Conceptualization; Investigation; Data curation; Formal analysis;
Methodology; Visualization; Writing—original draft. MG: Conceptualization;
Methodology; Investigation; Supervision; Data curation; Formal analysis;
Writing—review & editing. JP: Data curation; Resources. JF: Formal analysis;
Resources. RG: Formal analysis; Writing—review & editing. AL: Formal analysis.
BR: Conceptualization; Funding acquisition; Methodology; Supervision; Valida-
tion; Writing—review & editing. NC: Project administration; Conceptualization;
Funding acquisition; Methodology; Supervision; Validation; Writing—review
& editing.

Funding

This research was funded through the 2018-2019 BiodivERsA joint call for
research proposals, under the BiodivERsA3 ERA-Net COFUND programme, and
with the funding organization ANR.

Availability of data and materials
Raw data and scripts are available on zenodo repository (https://zenodo.org/
record/8143272).

Declarations

Ethics approval and consent to participate

Animal capture and handling have been conducted according to the French
and European regulations on care and protection of laboratory animals
(French Law 2001-486 issued on 6 June 2001 and Directive 2010/63/EU issued
on 22 September 2010). The CBGP laboratory has approval (E-34-169-001)
from the Departmental Direction of Population Protection (DDPP, Hérault,
France) and from the regional ethical committee (Comite d’Ethique pour
I'Expérimentation Animale Languedoc Roussillon), for the sampling of small
mammals and the storage and use of their tissues.

Consent for publication
All the authors provided their consent for publication of this manuscript.

Competing interests
The authors declare that they have no known competing financial interests or
personal relationships that could have influenced the work reported in this paper.

Received: 29 January 2024 Accepted: 6 March 2024
Published online: 25 March 2024

References

1. Alberdi A, Aizpurua O, Bohmann K, Zepeda-Mendoza ML, Gilbert MTP.
Do vertebrate gut metagenomes confer rapid ecological adaptation?
Trends Ecol Evol. 2016;31(9):689-99. https://doi.org/10.1016/J.TREE.
2016.06.008.

2. Alberdi A, Gilbert MTP. A guide to the application of Hill numbers to
DNA-based diversity analyses. Mol Ecol Resour. 2019;19(4):804-17.
https://doi.org/10.1111/1755-0998.13014.

3. Alil,KohYS. High-fat-diet-modulated gut microbiota promotes intesti-
nal carcinogenesis. J Bacteriol Virol. 2015;45(4):394-6. https://doi.org/10.
4167/jbv.2015.45.4.394.

20.

Page 18 of 21

Aplin KP, Brown PR, Jacob J, Krebs CJ, Singleton GR. Field methods for
rodent studies in Asia and the Indo-Pacific. Monographs. 2003. https://
doi.org/10.22004/AG.ECON.114053.

Barnett SE, Youngblut ND, Buckley DH. Soil characteristics and land-use
drive bacterial community assembly patterns. FEMS Microbiol Ecol.
2020;96(1):194. https://doi.org/10.1093/FEMSEC/FIZ194.

Belkaid Y, Hand TW. Role of the Microbiota in immunity and inflamma-
tion. Cell. 2014;157(1):121-41. https://doi.org/10.1016/J.CELL.2014.03.
011,

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith
GA, Alexander H, Alm EJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE,
Bittinger K, Brejnrod A, Brislawn CJ, Brown CT, Callahan BJ, Caraballo-
Rodriguez AM, Chase J, et al. Reproducible, interactive, scalable and
extensible microbiome data science using QIIME 2. Nat Biotechnol.
2019;37(8):852-7. https://doi.org/10.1038/541587-019-0209-9.
Bonder MJ, Kurilshikov A, Tigchelaar EF, Mujagic Z, Imhann F, Vila

AV, Deelen P, Vatanen T, Schirmer M, Smeekens SP, Zhernakova DV,
Jankipersadsing SA, Jaeger M, Oosting M, Cenit MC, Masclee AAM,
Swertz MA, LiY, Kumar V, et al. The effect of host genetics on the gut
microbiome. Nat Genet. 2016;48(11):1407-12. https://doi.org/10.
1038/ng.3663.

Bouilloud M, Galan M, Dubois A, Diagne CA, Marianneau P, Roche

B, et al. Three-way relationships between gut microbiota, helminth
assemblages and bacterial infections in wild rodent populations. PCl
Journal. 2023;3:e18. https://doi.org/10.24072/pcjournal.243.
Boulangé CL, Neves AL, Chilloux J, Nicholson JK, Dumas ME. Impact
of the gut microbiota on inflammation, obesity, and metabolic dis-
ease. Genome Med. 2016;8(1):1-12. https://doi.org/10.1186/513073-
016-0303-2/FIGURES/4.

Brooks AW, Kohl KD, Brucker RM, van Opstal EJ, Bordenstein SR. Phylo-
symbiosis: relationships and functional effects of microbial communi-
ties across host evolutionary history. PLoS Biol. 2016;14(11):e2000225.
https://doi.org/10.1371/JOURNAL.PBIO.2000225.

Burns A, Stephens W, Stagaman K, et al. Contribution of neutral pro-
cesses to the assembly of gut microbial communities in the zebrafish
over host development. ISME J. 2016;10:655-64. https://doi.org/10.
1038/ismej.2015.142.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes
SP. DADA2: High resolution sample inference from Illumina amplicon
data. Nat Methods. 2016;13(7):581. https://doi.org/10.1038/NMETH.
3869.

Campbell J, Foster C, Vishnivetskaya T, et al. Host genetic and environ-
mental effects on mouse intestinal microbiota. ISME J. 2012;6:2033-44.
https://doi.org/10.1038/ismej.2012.54.

Caspi R, Altman T, Billington R, Dreher K, Foerster H, Fulcher CA, Holland
TA, Keseler IM, Kothari A, Kubo A, Krummenacker M, Latendresse M,
Mueller LA, Ong Q, Paley S, Subhraveti P, Weaver DS, Weerasinghe D,
Zhang P, Karp PD. The MetaCyc database of metabolic pathways and
enzymes and the BioCyc collection of Pathway/Genome Databases.
Nucleic Acids Res. 2014;42:D459-71. https://doi.org/10.1093/NAR/
GKT1103.

Chamberlain DE, Cannon AR, Toms MP, Leech DI, Hatchwell BJ, Gaston
KJ. Avian productivity in urban landscapes: a review and meta-analysis.
Ibis. 2009;151(1):1-18. https://doi.org/10.1111/J.1474-919X.2008.
00899.X.

Chapuis MP, Benoit L, Galan M. Evaluation of 96-well high-throughput
DNA extraction methods for 16S rRNA gene metabarcoding. Mol Ecol
Resour. 2023. https://doi.org/10.1111/1755-0998.13812.

CORINE Land Cover | Données et études statistiques. (n.d.). Retrieved
June 10, 2022, from https://www.statistiques.developpement-durable.
gouv.fr/corine-land-cover-0

Delgado-Baquerizo M, Eldridge DJ, Liu YR, Sokoya B, Wang JT, Hu HW,
He JZ, Bastida F, Moreno JL, Bamigboye AR, Blanco-Pastor JL, Cano-Didz
C, Illdn JG, Makhalanyane TP, Siebe C, Trivedi P, Zaady E, Verma JP, Wang
L, et al. Global homogenization of the structure and function in the soil
microbiome of urban greenspaces. Sci Adv. 2021,7:28. https://doi.org/
10.1126/SCIADV.ABG5809/SUPPL_FILE/ABG5809_TABLE_S3.XLSX.
Douglas GM, Beiko RG, Langille MGlI. Predicting the functional potential
of the microbiome from marker genes using PICRUSt. Methods Mol
Biol. 2018;1849:169-77. https://doi.org/10.1007/978-1-4939-8728-3_11.


https://zenodo.org/record/8143272
https://zenodo.org/record/8143272
https://doi.org/10.1016/J.TREE.2016.06.008
https://doi.org/10.1016/J.TREE.2016.06.008
https://doi.org/10.1111/1755-0998.13014
https://doi.org/10.4167/jbv.2015.45.4.394
https://doi.org/10.4167/jbv.2015.45.4.394
https://doi.org/10.22004/AG.ECON.114053
https://doi.org/10.22004/AG.ECON.114053
https://doi.org/10.1093/FEMSEC/FIZ194
https://doi.org/10.1016/J.CELL.2014.03.011
https://doi.org/10.1016/J.CELL.2014.03.011
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/ng.3663
https://doi.org/10.1038/ng.3663
https://doi.org/10.24072/pcjournal.243
https://doi.org/10.1186/S13073-016-0303-2/FIGURES/4
https://doi.org/10.1186/S13073-016-0303-2/FIGURES/4
https://doi.org/10.1371/JOURNAL.PBIO.2000225
https://doi.org/10.1038/ismej.2015.142
https://doi.org/10.1038/ismej.2015.142
https://doi.org/10.1038/NMETH.3869
https://doi.org/10.1038/NMETH.3869
https://doi.org/10.1038/ismej.2012.54
https://doi.org/10.1093/NAR/GKT1103
https://doi.org/10.1093/NAR/GKT1103
https://doi.org/10.1111/J.1474-919X.2008.00899.X
https://doi.org/10.1111/J.1474-919X.2008.00899.X
https://doi.org/10.1111/1755-0998.13812
https://www.statistiques.developpement-durable.gouv.fr/corine-land-cover-0
https://www.statistiques.developpement-durable.gouv.fr/corine-land-cover-0
https://doi.org/10.1126/SCIADV.ABG5809/SUPPL_FILE/ABG5809_TABLE_S3.XLSX
https://doi.org/10.1126/SCIADV.ABG5809/SUPPL_FILE/ABG5809_TABLE_S3.XLSX
https://doi.org/10.1007/978-1-4939-8728-3_11

Bouilloud et al. Animal Microbiome

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

(2024) 6:16

Dri GF, Fontana CS, Dambros CDS. Estimating the impacts of habitat
loss induced by urbanization on bird local extinctions. Biol Conserv.
2021;256:109064. https://doi.org/10.1016/J.BIOCON.2021.109064.

du Toit MJ, Cilliers SS. Aspects influencing the selection of representa-
tive urbanization measures to quantify urban-rural gradients. Landsc
Ecol. 2011;26:169-81. https://doi.org/10.1007/510980-010-9560-4.
Escudié F, Auer L, Bernard M, Mariadassou M, Cauquil L, Vidal K, Maman
S, Hernandez-Raquet G, Combes S, Raldine Pascal G. FROGS: find rap-
idly, OTUs with galaxy solution. Bioinformatics. 2018. https://doi.org/10.
1093/bioinformatics/btx791.

Ezenwa VO, Gerardo NM, Inouye DW, Medina M, Xavier JB. Animal
behavior and the microbiome. Science. 2012;338(6104):198-9. https://
doi.org/10.1126/SCIENCE.1227412.

Fackelmann G, Gillingham MA, Schmid J, Christoph Heni A, Wilhelm

K, Schwensow N, Sommer S. Human encroachment into wildlife gut
microbiomes. Commun Biol. 2021;4:800. https://doi.org/10.1038/
542003-021-02315-7.

Falony G, Joossens M, Vieira-Silva S, Wang J, Darzi Y, Faust K, et al.
Population-level analysis of gut microbiome variation. Science.
2016;352:560—-4. https://doi.org/10.1126/science.aad3503.

Fischer JD, Schneider SC, Ahlers AA, Miller JR. Categorizing wildlife
responses to urbanization and conservation implications of terminol-
ogy. Conserv Biol. 2015;29(4):1246-8. https://doi.org/10.1111/COBI.
12451.

Galan M, Razzauti M, Bard E, Bernard M, Brouat C, Charbonnel N,
Dehne-Garcia A, Loiseau A, Tatard C, Tamisier L, Vayssier-Taussat M,
Vignes H, Cosson J-F. 16S rRNA Amplicon sequencing for epidemiologi-
cal surveys of bacteria in wildlife. MSystems. 2016;1(4):1-22. https://doi.
org/10.1128/msystems.00032-16.

Goertz S, de Menezes AB, Birtles RJ, Fenn J, Lowe AE, MacColl ADC,
Poulin B, Young S, Bradley JE, Taylor CH. Geographical location influ-
ences the composition of the gut microbiota in wild house mice (Mus
musculus domesticus) at a fine spatial scale. PLoS ONE. 2019. https://doi.
0rg/10.1371/journal.pone.0222501.

Grade AM, Warren PS, Lerman SB. Managing yards for mammals:
Mammal species richness peaks in the suburbs. Landsc Urban Plan.
2022;220:104337. https://doi.org/10.1016/JLANDURBPLAN.2021.
104337.

Grimm NB, Faeth SH, Golubiewski NE, Redman CL, Wu J, Bai X,

Briggs JM. Global change and the ecology of cities. Science.
2008,;319(5864):756-60. https://doi.org/10.1126/SCIENCE.1150195/
SUPPL_FILE/GRIMM.SOM.REV.PDF.

Guiry E, Buckley M. Urban rats have less variable, higher protein diets.
Proc R Soc B. 2018. https://doi.org/10.1098/RSPB.2018.1441.

Hartig, F. Residual Diagnostics for Hierarchical (Multi-Level / Mixed)
Regression Models [R package DHARMa version 0.4.6] (2022). https://
cran.r-project.org/package=DHARMa

Hawrelak JA, Myers SP. The causes of intestinal dysbiosis: a review.
Altern Med Rev. 2004;9(2):180-97.

Heintz-Buschart A, Wilmes P. Human gut microbiome: function matters.
Trends Microbiol. 2018;26(7):563-74. https://doi.org/10.1016/j.tim.2017.
11.002.

Henger CS, Hargous E, Nagy CM, Weckel M, Wultsch C, Krampis K, Dun-
can N, Gormezano L, Munshi-South J. DNA metabarcoding reveals that
coyotes in New York City consume wide variety of native prey species
and human food. PeerJ. 2022;10:¢13788. https://doi.org/10.7717/peer].
13788.

Hesselbarth MHK, Sciaini M, With KA, Wiegand K, Nowosad J. land-
scapemetrics: an open-source R tool to calculate landscape metrics.
Ecography. 2019;42(10):1648-57. https://doi.org/10.1111/ECOG.04617.
Hoffman GE, Schadt EE. variancePartition: interpreting drivers of varia-
tion in complex gene expression studies. BMC Bioinform. 2016;17(1):1-
13. https://doi.org/10.1186/512859-016-1323-Z/FIGURES/5.

Holzapfel WH, Haberer P, Snel J, Schillinger U, Huis in't Veldn JH.
Overview of gut flora and probiotics. International Journal of Food
Microbiology. 1998;41:85-101. https://doi.org/10.1016/50168-1605(98)
00044-0.

Hothorn T, Bretz F, Westfall P. Simultaneous inference in general para-
metric models. Biom J. 2008;50(3):346-63.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 19 of 21

Johnson JB, Omland KS. Model selection in ecology and evolution.
Trends Ecol Evol. 2004;19(2):101-8. https://doi.org/10.1016/J.TREE.2003.
10.013.

Johnson MTJ, Munshi-South J. Evolution of life in urban environments.
Science. 2017;358:6363. https://doi.org/10.1126/science.aam8327.
Karger DN, Conrad O, Bohner J, Kawohl T, Kreft H, Soria-Auza RW, Zim-
mermann NE, Linder HP, Kessler M. Climatologies at high resolution for
the earth’s land surface areas. Sci Data. 2017. https://doi.org/10.1038/
SDATA.2017.122.

Kassambara, A. Pipe-Friendly Framework for Basic Statistical Tests [R
package rstatix version 0.7.1] (2022). https://cran.r-project.org/packa
ge=rstatix

Katoh K, Misawa K, Kuma KI, Miyata T. MAFFT: a novel method for rapid
multiple sequence alignment based on fast Fourier transform. Nucleic
Acids Res. 2002;30(14):3059-66. https://doi.org/10.1093/NAR/GKF436.
Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H, Ackerly
DD, Blomberg SP, Webb CO. Picante: R tools for integrating phylogenies
and ecology. Bioinformatics. 2010;26(11):1463-4. https://doi.org/10.
1093/BIOINFORMATICS/BTQ166.

Kircher M, Sawyer S, Meyer M. Double indexing overcomes inaccuracies
in multiplex sequencing on the lllumina platform. Nucleic Acids Res.
2012;40(1): e3. https://doi.org/10.1093/NAR/GKR771.

Knowles SCL, Eccles RM, Baltranaité L. Species identity dominates over
environment in shaping the microbiota of small mammals. Ecol Lett.
2019;22(5):826-37. https://doi.org/10.1111/ELE.13240.

Kohl KD. Ecological and evolutionary mechanisms underlying patterns
of phylosymbiosis in host-associated microbial communities. Philos
Trans R Soc B. 2020;375:1798. https://doi.org/10.1098/RSTB.2019.0251.
Konopka A. What is microbial community ecology? ISME J.
2009;3(11):1223-30. https://doi.org/10.1038/ismej.2009.88.

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. Develop-
ment of a dual-index sequencing strategy and curation pipeline for
analyzing amplicon sequence data on the MiSeq Illumina sequencing
platform. Appl Environ Microbiol. 2013;79(17):5112-20. https://doi.org/
10.1128/AEM.01043-13.10.1128/AEM.01043-13.

Lambert MR, Brans Kl, Des Roches S, Donihue CM, Diamond SE. Adap-
tive evolution in cities: Progress and misconceptions. Trends Ecol Evol.
2021;36(3):239-57. https://doi.org/10.1016/J.TREE.2020.11.002.
Lamothe KA, Alofs KM, Jackson DA, Somers KM. Functional diversity and
redundancy of freshwater fish communities across biogeographic and
environmental gradients. Divers Distrib. 2018;24(11):1612-26. https//
doi.org/10.1111/DDI.12812.

Lavrinienko A, Hamaldinen A, Hindstrém R, Tukalenko E, Boratyriski Z,
Kivisaari K, Mousseau TA, Watts PC, Mappes T. Comparable response of
wild rodent gut microbiome to anthropogenic habitat contamination.
Mol Ecol. 2021;30(14):3485-99. https://doi.org/10.1111/mec.15945.

Lé S, Josse J, Husson F. {FactoMineR}: a package for multivariate analysis.
J Stat Softw. 2008;25(1):1-18. https://doi.org/10.18637/jss.v025.i01.

LiG Fang C LiY,Wang Z Sun S, He S, QiW, Bao C, Ma H, Fan Y, Feng Y,
Liu X. Global impacts of future urban expansion on terrestrial vertebrate
diversity. Nat Commun. 2022;13(1):1-12. https://doi.org/10.1038/
$41467-022-29324-2.

LiH,Yang E, Zhang S, Zhang J, Yuan L, Liu R, Ullah S, Wang Q,

Mushtag N, Shi Y, An C, Wang Z, Xu J. Molecular characterization of

gut microbial shift in SD rats after death for 30 days. Arch Microbiol.
2020;202(7):1763-73. https://doi.org/10.1007/500203-020-01889-W.
Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.
https://doi.org/10.1186/513059-014-0550-8

Lowry H, Lill A, Wong BBM. Behavioural responses of wildlife to urban
environments. Biol Rev. 2013;88(3):537-49. https://doi.org/10.1111/BRV.
12012.

Ma ZS. Testing the Anna Karenina Principle in human microbiome-
associated diseases. iScience. 2020;23(4):101. https://doi.org/10.1016/j.
i5ci.2020.101007.

McKnight DT, Huerlimann R, Bower DS, Schwarzkopf L, Alford RA,
Zenger KR. Methods for normalizing microbiome data: an ecological
perspective. Methods Ecol Evol. 2019;10(3):389-400. https://doi.org/10.
1111/2041-210X.13115.


https://doi.org/10.1016/J.BIOCON.2021.109064
https://doi.org/10.1007/s10980-010-9560-4
https://doi.org/10.1093/bioinformatics/btx791
https://doi.org/10.1093/bioinformatics/btx791
https://doi.org/10.1126/SCIENCE.1227412
https://doi.org/10.1126/SCIENCE.1227412
https://doi.org/10.1038/s42003-021-02315-7
https://doi.org/10.1038/s42003-021-02315-7
https://doi.org/10.1126/science.aad3503
https://doi.org/10.1111/COBI.12451
https://doi.org/10.1111/COBI.12451
https://doi.org/10.1128/msystems.00032-16
https://doi.org/10.1128/msystems.00032-16
https://doi.org/10.1371/journal.pone.0222501
https://doi.org/10.1371/journal.pone.0222501
https://doi.org/10.1016/J.LANDURBPLAN.2021.104337
https://doi.org/10.1016/J.LANDURBPLAN.2021.104337
https://doi.org/10.1126/SCIENCE.1150195/SUPPL_FILE/GRIMM.SOM.REV.PDF
https://doi.org/10.1126/SCIENCE.1150195/SUPPL_FILE/GRIMM.SOM.REV.PDF
https://doi.org/10.1098/RSPB.2018.1441
https://cran.r-project.org/package=DHARMa
https://cran.r-project.org/package=DHARMa
https://doi.org/10.1016/j.tim.2017.11.002
https://doi.org/10.1016/j.tim.2017.11.002
https://doi.org/10.7717/peerj.13788
https://doi.org/10.7717/peerj.13788
https://doi.org/10.1111/ECOG.04617
https://doi.org/10.1186/S12859-016-1323-Z/FIGURES/5
https://doi.org/10.1016/S0168-1605(98)00044-0
https://doi.org/10.1016/S0168-1605(98)00044-0
https://doi.org/10.1016/J.TREE.2003.10.013
https://doi.org/10.1016/J.TREE.2003.10.013
https://doi.org/10.1126/science.aam8327
https://doi.org/10.1038/SDATA.2017.122
https://doi.org/10.1038/SDATA.2017.122
https://cran.r-project.org/package=rstatix
https://cran.r-project.org/package=rstatix
https://doi.org/10.1093/NAR/GKF436
https://doi.org/10.1093/BIOINFORMATICS/BTQ166
https://doi.org/10.1093/BIOINFORMATICS/BTQ166
https://doi.org/10.1093/NAR/GKR771
https://doi.org/10.1111/ELE.13240
https://doi.org/10.1098/RSTB.2019.0251
https://doi.org/10.1038/ismej.2009.88
https://doi.org/10.1128/AEM.01043-13.10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01043-13.10.1128/AEM.01043-13
https://doi.org/10.1016/J.TREE.2020.11.002
https://doi.org/10.1111/DDI.12812
https://doi.org/10.1111/DDI.12812
https://doi.org/10.1111/mec.15945
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1038/s41467-022-29324-2
https://doi.org/10.1038/s41467-022-29324-2
https://doi.org/10.1007/S00203-020-01889-W
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1111/BRV.12012
https://doi.org/10.1111/BRV.12012
https://doi.org/10.1016/j.isci.2020.101007
https://doi.org/10.1016/j.isci.2020.101007
https://doi.org/10.1111/2041-210X.13115
https://doi.org/10.1111/2041-210X.13115

Bouilloud et al. Animal Microbiome

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

(2024) 6:16

McMurdie PJ, Holmes S. phyloseq: An R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS ONE.
2013;8(4):61217. https://doi.org/10.1371/journal.pone.0061217.
Miller ET, Svanbéck R, Bohannan BJM. Microbiomes as metacommuni-
ties: understanding host-associated microbes through metacommunity
ecology. Trends Ecol Evol. 2018;33(12):926-35. https://doi.org/10.1016/j.
tree.2018.09.002.

Moeller AH, Sanders JG. Roles of the gut microbiota in the adaptive
evolution of mammalian species. Philos Trans R Soc B. 2020;375:1808.
https://doi.org/10.1098/RSTB.2019.0597.

Moll RJ, Cepek JD, Lorch PD, Dennis PM, Tans E, Robison T, Mills-
paugh JJ, Montgomery RA. What does urbanization actually mean?
A framework for urban metrics in wildlife research. J Appl Ecol.
2019;56(5):1289-300. https://doi.org/10.1111/1365-2664.13358.
Moorhead LC, Souza L, Habeck CW, Lindroth RL, Classen AT. Small
mammal activity alters plant community composition and microbial
activity in an old-field ecosystem. Ecosphere. 2017;8(5):e01777.
https://doi.org/10.1002/ECS2.1777.

Morisseau C. The role of hydrolases in biology and xenobiotics
metabolism. Int J Mol Sci. 2022;23:9. https://doi.org/10.3390/1JMS2
3094870.

Moya A, Ferrer M. Functional redundancy-induced stability of

gut microbiota subjected to disturbance. Trends Microbiol.
2016;24(5):402-13. https://doi.org/10.1016/}.tim.2016.02.002.
Nougué O, Gallet R, Chevin LM, Lenormand T. Niche limits of symbi-
otic gut microbiota constrain the salinity tolerance of brine shrimp.
Am Nat. 2015;186(3):390-403. https://doi.org/10.1086/682370.
Nyangale EP, Mottram DS, Gibson GR. Gut microbial activity, implica-
tions for health and disease: the potential role of metabolite analysis. J
Proteome Res. 2012;11(12):5573-85. https://doi.org/10.1021/pr300637.
Ofori BY, Garshong RA, Gbogbo F, Owusu EH, Attuquayefio DK. Urban
green area provides refuge for native small mammal biodiversity in a
rapidly expanding city in Ghana. Environ Monit Assess. 2018. https://
doi.org/10.1007/510661-018-6858-1.

Oksanen, J, Blanchet, F. G, Friendly, M., Kindt, R, Legendre, P, McGlinn,
D., Minchin, P.R, O'Hara, R. B, Simpson, G. L., Solymos, P, Stevens, M. H.
H., Szoecs, E.,, Wagner, H. (2020). Vegan: Community Ecology Package.
https://cran.r-project.org/package=vegan

Parmesan C. Ecological and evolutionary responses to recent climate
change. Annu Rev Ecol Evol Syst. 2006;37:637-69. https://doi.org/10.
1146/ANNUREV.ECOLSYS.37.091305.110100.

Pitlik SD, Koren O. How holobionts get sick—toward a unifying
scheme of disease. Microbiome. 2017;5:64. https://doi.org/10.1186/
s40168-017-0281-7.

Pradel J, Bouilloud M, Loiseau A, Piry S, Galan M, Artige E, Castel G,
Ferrero J, Gallet R, Thuel G, Vieira N, Charbonnel N. Small terrestrial
mammals (Rodentia and Soricomorpha) along a gradient of forest
anthropization (reserves, managed forests, urban parks) in France. Bio-
divers Data J. 2022;10:€95214. https://doi.org/10.3897/BDJ.10.e95214.
Price MN, Dehal PS, Arkin AP. FastTree: Computing large minimum
evolution trees with profiles instead of a distance matrix. Mol Biol Evol.
2009;26(7):1641-50. https://doi.org/10.1093/MOLBEV/MSP077.

R Core Team. R: a language and environment for statistical computing.
2020; https://www.r-project.org/

Rivkin LR, Santangelo JS, Alberti M, Aronson MFJ, de Keyzer CW,
Diamond SE, Fortin MJ, Frazee LJ, Gorton AJ, Hendry AP, Liu Y, Losos JB,
Maclvor JS, Martin RA, McDonnell MJ, Miles LS, Munshi-South J, Ness
RW, Newman AEM, et al. A roadmap for urban evolutionary ecology.
Evol Appl. 2019;12(3):384-98. https://doi.org/10.1111/EVA.12734.
Roswell M, Dushoff J, Winfree R. A conceptual guide to measuring spe-
cies diversity. Oikos. 2021. https://doi.org/10.1111/0ik.07202.

Rowland I, Gibson G, Heinken A, Scott K, Swann J, Thiele |, Tuohy K.
Gut microbiota functions: metabolism of nutrients and other food
components. Eur J Nutr. 2017;57(1):1-24. https://doi.org/10.1007/
S00394-017-1445-8.

Sélek M, Drahnikové L, Tkadlec E. Changes in home range sizes and
population densities of carnivore species along the natural to urban
habitat gradient. Mamm Rev. 2015;45(1):1-14. https://doi.org/10.1111/
MAM.12027/SUPPINFO.

Santini L, Gonzélez-Sudrez M, Russo D, Gonzalez-Voyer A, von Harden-
berg A, Ancillotto L. One strategy does not fit all: determinants of urban

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Page 20 of 21

adaptation in mammals. Ecol Lett. 2019,22(2):365-76. https://doi.org/
10.1111/ELE.13199.

Santoro A, Ostan R, Candela M, Biagi E, Brigidi P, Capri M, Franceschi C.
Gut microbiota changes in the extreme decades of human life: a focus
on centenarians. Cell Mol Life Sci. 2017;75(1):129-48. https://doi.org/10.
1007/500018-017-2674-Y.

Shapira M. Gut microbiotas and host evolution: scaling up symbiosis.
Trends Ecol Evol. 2016;31(7):539-49. https://doi.org/10.1016/J.TREE.
2016.03.006.

Sheil D, Burslem DFRP. Defining and defending Connell’s intermedi-
ate disturbance hypothesis: a response to Fox. Trends Ecol Evol.
2013;28(10):571-2. https://doi.org/10.1016/J.TREE.2013.07.006.

Sih A, Ferrari MCO, Harris DJ. Evolution and behavioural responses to
human-induced rapid environmental change. Evol Appl. 2011;4(2):367-
87. https://doi.org/10.1111/J).1752-4571.2010.00166.X.

Slatyer RA, Hirst M, Sexton JP. Niche breadth predicts geographical
range size: a general ecological pattern. Ecol Lett. 2013;16(8):1104-14.
https://doi.org/10.1111/ELE.12140.

Sol D, Bartomeus |, Gonzélez-Lagos C, Pavoine S. Urbanisation and

the loss of phylogenetic diversity in birds. Ecol Lett. 2017;20(6):721-9.
https://doi.org/10.1111/ele.12769i.

Solari S, Baker RJ. Mammal species of the world: a taxonomic and
geographic reference. J Mammal. 2007;88(3):824-30. https://doi.org/10.
1644/06-MAMM-R-422.1.

Sommer F, Anderson JM, Bharti R, Raes J, Rosenstiel P. The resilience of
the intestinal microbiota influences health and disease. Nat Rev Micro-
biol. 2017;15(10):630-8. https://doi.org/10.1038/nrmicro.2017.58.

Song S, Woodhams DC, Martino C, et al. Engineering the microbiome
for animal health and conservation. Exp Biol Med. 2019;244(6):494-504.
https://doi.org/10.1177/1535370219830075.

Stegen JC, Lin X, Fredrickson JK, Chen X, Kennedy DW, Murray CJ,
Rockhold ML, Konopka A. Quantifying community assembly processes
and identifying features that impose them. ISME J. 2013;7(11):2069-79.
https://doi.org/10.1038/ismej}.2013.93.

Stothart MR, Newman AEM. Shades of grey: host phenotype
dependent effect of urbanization on the bacterial microbiome of

a wild mammal. Anim Microbiome. 2021. https://doi.org/10.1186/
S42523-021-00105-4.

Stothart MR, Palme R, Newman AEM. It's what’s on the inside that
counts: stress physiology and the bacterial microbiome of a wild urban
mammal. Proc R Soc B Biol Sci. 2019. https://doi.org/10.1098/rspb.2019.
2111,

Sugden'S, Sanderson D, Ford K, Stein LY, St. Clair CC. An altered microbi-
ome in urban coyotes mediates relationships between anthropogenic
diet and poor health. Sci Rep. 2020;10(1):1-14. https://doi.org/10.1038/
$41598-020-78891-1.

Taudiere, A. MiscMetabar: miscellaneous functions for metabarcoding
analysis. 2022; https://github.com/adrientaudiere/MiscMetabar

Teng Y, Yang X, Li G, ZhuY, Zhang Z. Habitats show more impacts than
host species in shaping gut microbiota of sympatric rodent species in a
fragmented forest. Front Microbiol. 2022;13:42. https://doi.org/10.3389/
FMICB.2022.811990/BIBTEX.

Teyssier A, Rouffaer LO, Saleh Hudin N, Strubbe D, Matthysen E, Lens

L, White J. Inside the guts of the city: urban-induced alterations of the
gut microbiota in a wild passerine. Sci Total Environ. 2018;612:1276-86.
https://doi.org/10.1016/J.SCITOTENV.2017.09.035.

Teyssier A, Matthysen E, Hudi NS, de Neve L, White J, Lens L. Diet con-
tributes to urban-induced alterations in gut microbiota: experimental
evidence from a wild passerine. Proc R Soc Lond B. 2020;287:20192182.
https://doi.org/10.1098/rspb.2019.2182.

Thompson MJ, Capilla-Lasheras P, Dominoni DM, Réale D, Charmantier
A. Phenotypic variation in urban environments: mechanisms and impli-
cations. Trends Ecol Evol. 2022;37(2):171-82. https//doi.org/10.1016/J.
TREE.2021.09.009.

Tucker MA, Santini L, Carbone C, Mueller T. Mammal population densi-
ties at a global scale are higher in human-modified areas. Ecography.
2021;44(1):1-13. https://doi.org/10.1111/ECOG.05126.

Varudkar A, Ramakrishnan U. Gut microflora may facilitate adapta-

tion to anthropic habitat: a comparative study in Rattus. Ecol Evol.
2018;8(13):6463-72. https://doi.org/10.1002/ECE3.4040.


https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1016/j.tree.2018.09.002
https://doi.org/10.1016/j.tree.2018.09.002
https://doi.org/10.1098/RSTB.2019.0597
https://doi.org/10.1111/1365-2664.13358
https://doi.org/10.1002/ECS2.1777
https://doi.org/10.3390/IJMS23094870
https://doi.org/10.3390/IJMS23094870
https://doi.org/10.1016/j.tim.2016.02.002
https://doi.org/10.1086/682370
https://doi.org/10.1021/pr300637
https://doi.org/10.1007/S10661-018-6858-1
https://doi.org/10.1007/S10661-018-6858-1
https://cran.r-project.org/package=vegan
https://doi.org/10.1146/ANNUREV.ECOLSYS.37.091305.110100
https://doi.org/10.1146/ANNUREV.ECOLSYS.37.091305.110100
https://doi.org/10.1186/s40168-017-0281-7
https://doi.org/10.1186/s40168-017-0281-7
https://doi.org/10.3897/BDJ.10.e95214
https://doi.org/10.1093/MOLBEV/MSP077
https://www.r-project.org/
https://doi.org/10.1111/EVA.12734
https://doi.org/10.1111/oik.07202
https://doi.org/10.1007/S00394-017-1445-8
https://doi.org/10.1007/S00394-017-1445-8
https://doi.org/10.1111/MAM.12027/SUPPINFO
https://doi.org/10.1111/MAM.12027/SUPPINFO
https://doi.org/10.1111/ELE.13199
https://doi.org/10.1111/ELE.13199
https://doi.org/10.1007/S00018-017-2674-Y
https://doi.org/10.1007/S00018-017-2674-Y
https://doi.org/10.1016/J.TREE.2016.03.006
https://doi.org/10.1016/J.TREE.2016.03.006
https://doi.org/10.1016/J.TREE.2013.07.006
https://doi.org/10.1111/J.1752-4571.2010.00166.X
https://doi.org/10.1111/ELE.12140
https://doi.org/10.1111/ele.12769ï
https://doi.org/10.1644/06-MAMM-R-422.1
https://doi.org/10.1644/06-MAMM-R-422.1
https://doi.org/10.1038/nrmicro.2017.58
https://doi.org/10.1177/1535370219830075
https://doi.org/10.1038/ismej.2013.93
https://doi.org/10.1186/S42523-021-00105-4
https://doi.org/10.1186/S42523-021-00105-4
https://doi.org/10.1098/rspb.2019.2111
https://doi.org/10.1098/rspb.2019.2111
https://doi.org/10.1038/s41598-020-78891-1
https://doi.org/10.1038/s41598-020-78891-1
https://github.com/adrientaudiere/MiscMetabar
https://doi.org/10.3389/FMICB.2022.811990/BIBTEX
https://doi.org/10.3389/FMICB.2022.811990/BIBTEX
https://doi.org/10.1016/J.SCITOTENV.2017.09.035
https://doi.org/10.1098/rspb.2019.2182
https://doi.org/10.1016/J.TREE.2021.09.009
https://doi.org/10.1016/J.TREE.2021.09.009
https://doi.org/10.1111/ECOG.05126
https://doi.org/10.1002/ECE3.4040

Bouilloud et al. Animal Microbiome (2024) 6:16

103.

104.

105.

106.

107.

108.

109.

110.

112.

114.

116.

117.

Verrelli BC, Alberti M, Des Roches S, Harris NC, Hendry AP, Johnson MTJ,
Savage AM, Charmantier A, Gotanda KM, Govaert L, Miles LS, Rivkin LR,
Winchell KM, Brans KI, Correa C, Diamond SE, Fitzhugh B, Grimm NB,
Hughes S, et al. A global horizon scan for urban evolutionary ecology.
Trends Ecol Evol. 2022;37(11):1006-19. https://doi.org/10.1016/J.TREE.
2022.07.012.

Voolstra CR, Ziegler M. Adapting with microbial help: microbiome flex-
ibility facilitates rapid responses to environmental change. BioEssays.
2020;42(7):2000004. https://doi.org/10.1002/BIES.202000004.

Walter J, Ley R. The human gut microbiome: ecology and recent evolu-
tionary changes. Annu Rev Microbiol. 2011;65:411-29. https://doi.org/
10.1146/ANNUREV-MICRO-090110-102830.

Wang B, Kong Q, Li X, Zhao J, Zhang H, Chen W, Wang G. A high-fat
diet increases gut microbiota biodiversity and energy expenditure due
to nutrient difference. Nutrients. 2020;12(10):3197. https://doi.org/10.
3390/NU12103197.

Wasimuddin H, Malik H, Ratovonamana YR, Rakotondranary SJ, Gan-
zhorn JU, Sommer S. Anthropogenic disturbance impacts gut microbi-
ome homeostasis in a Malagasy primate. Front Microbiol. 2022;13:2102.
https://doi.org/10.3389/FMICB.2022.911275/BIBTEX.

Webb CO. Exploring the phylogenetic structure of ecological com-
munities: An example for rain forest trees. Am Nat. 2000;156(2):145-55.
https://doi.org/10.1086/303378JOURNAL.

Webb CO, Ackerly DD, McPeek MA, Donoghue MJ. Phylogenies and
community ecology. Annu Rev Ecol Syst. 2002;33:475-505. https://doi.
org/10.1146/ANNUREV.ECOLSYS.33.010802.150448.

Weinstein SB, Martinez-Mota R, Stapleton TE, Klure DM, Greenhalgh

R, Orr TJ, Dale C, Kohl KD, Denise Dearing M. Microbiome stability and
structure is governed by host phylogeny over diet and geography in
woodrats (Neotoma spp.). Proc Natl Acad Sci USA. 2021;118:47. https://
doi.org/10.1073/PNAS.2108787118/-/DCSUPPLEMENTAL.

Weiss KCB, Green AM, Herrera DJ, Hubbard TM, Rega-Brodsky CC, Allen
MM. Effect of species-level trait variation on urban exploitation in mam-
mals. Ecology. 2023. https://doi.org/10.1002/ecy.4055.

Werner CS, Nunn CL. Effect of urban habitat use on parasitism in mam-
mals: a meta-analysis. Proc R Soc B. 2020. https://doi.org/10.1098/RSPB.
2020.0397.

West AG, Waite DW, Deines P, Bourne DG, Digby A, McKenzie VJ, Taylor
MW. The microbiome in threatened species conservation. Biol Cons.
2019;229:85-98. https://doi.org/10.1016/J.BIOCON.2018.11.016.
Wilkins LJ, Monga M, Miller AW. Defining Dysbiosis for a cluster of
chronic diseases. Sci Rep. 2019;9(1):1-10. https://doi.org/10.1038/
s41598-019-49452-y.

Willig MR, Presley SJ. Biodiversity and disturbance. Encycl Anthropo-
cene. 2018;1-5:45-51. https://doi.org/10.1016/B978-0-12-809665-9.
09813-X.

Wilman H, Belmaker J, Simpson J, De C, Rosa LA, Rivadeneira MM, Jetz
W. EltonTraits 1.0: Species-level foraging attributes of the world’s birds
and mammals. Ecology. 2014,95(7):2027-2027. https://doi.org/10.1890/
13-1917.1.

Zaneveld J, McMinds R, Vega Thurber R. Stress and stability: applying
the Anna Karenina principle to animal microbiomes. Nat Microbiol.
2017. https://doi.org/10.1038/NMICROBIOL.2017.121.

Zepeda Mendoza ML, Xiong Z, Escalera-Zamudio M, Runge AK, Thézé
J, Streicker D, Frank HK, Loza-Rubio E, Liu S, Ryder OA, Samaniego Cas-
truita JA, Katzourakis A, Pacheco G, Taboada B, Lober U, Pybus OG, LiY,
Rojas-Anaya E, Bohmann K, et al. Hologenomic adaptations underlying
the evolution of sanguivory in the common vampire bat. Nat Ecol Evol.
2018;2(4):659. https://doi.org/10.1038/541559-018-0476-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 21 of 21


https://doi.org/10.1016/J.TREE.2022.07.012
https://doi.org/10.1016/J.TREE.2022.07.012
https://doi.org/10.1002/BIES.202000004
https://doi.org/10.1146/ANNUREV-MICRO-090110-102830
https://doi.org/10.1146/ANNUREV-MICRO-090110-102830
https://doi.org/10.3390/NU12103197
https://doi.org/10.3390/NU12103197
https://doi.org/10.3389/FMICB.2022.911275/BIBTEX
https://doi.org/10.1086/303378JOURNAL
https://doi.org/10.1146/ANNUREV.ECOLSYS.33.010802.150448
https://doi.org/10.1146/ANNUREV.ECOLSYS.33.010802.150448
https://doi.org/10.1073/PNAS.2108787118/-/DCSUPPLEMENTAL
https://doi.org/10.1073/PNAS.2108787118/-/DCSUPPLEMENTAL
https://doi.org/10.1002/ecy.4055
https://doi.org/10.1098/RSPB.2020.0397
https://doi.org/10.1098/RSPB.2020.0397
https://doi.org/10.1016/J.BIOCON.2018.11.016
https://doi.org/10.1038/s41598-019-49452-y
https://doi.org/10.1038/s41598-019-49452-y
https://doi.org/10.1016/B978-0-12-809665-9.09813-X
https://doi.org/10.1016/B978-0-12-809665-9.09813-X
https://doi.org/10.1890/13-1917.1
https://doi.org/10.1890/13-1917.1
https://doi.org/10.1038/NMICROBIOL.2017.121
https://doi.org/10.1038/S41559-018-0476-8

	Exploring the potential effects of forest urbanization on the interplay between small mammal communities and their gut microbiota
	Abstract 
	Introduction
	Material and methods
	Data collection
	Sampling and characterization of small mammals
	Environmental characterization of sampling sites
	Gut microbiota sequencing
	Sequence processing

	Statistical analyses
	Composition of small mammal communities
	Gut microbiota taxonomic and functional diversity
	Variations in the alpha diversity of the gut microbiota
	Ecological processes shaping the diversity of the gut microbiota
	Gut microbiota taxonomic and functional composition
	Variations in the beta diversity of the gut microbiota 
	Ecological processes shaping the composition of gut microbiota 



	Results
	Urbanization influences small mammal communities
	Sampling sites differ by their level of urbanization
	Small mammal species exhibit distinct categories of response to urbanization

	Urbanization influences alpha diversity of small mammal gut microbiota
	Small mammal species identity influences gut microbiota alpha diversity (Fig. 1B, step1)
	Gut microbiota alpha diversity differs between sites (Fig. 1B, step1)
	Gut microbiota functional redundancy and phylogenetic clustering vary between sites (Fig. 1B, step2)

	Gut microbiota composition changes with urbanization
	Gut microbiota composition varies between sites (Fig. 1B, Step1)


	Discussion
	Small mammal communities change with urbanization
	Host species-driven flexibility of the gut microbiota: the influence of categories of urbanization response
	Stochasticity, a major process shaping microbial diversity and composition in urban dweller and avoider species
	Variable influence of ecological processes in shaping the gut microbiota of urban adapter species in response to urbanization

	Conclusions
	Acknowledgements
	References


