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A taste of wilderness: supplementary feeding
of red deer (Cervus elaphus) increases
individual bacterial microbiota diversity

but lowers abundance of important gut
symbionts

Luis Viquez-R"?", Maik Henrich®* Vanessa Riegel', Marvin Bader'~, Kerstin Wilhelm', Marco Heurich**® and
Simone Sommer'"

Abstract

The gut microbiome plays a crucial role in the health and well-being of animals. It is especially critical for ruminants
that depend on this bacterial community for digesting their food. In this study, we investigated the effects of
management conditions and supplemental feeding on the gut bacterial microbiota of red deer (Cervus elaphus)

in the Bavarian Forest National Park, Germany. Fecal samples were collected from free-ranging deer, deer within
winter enclosures, and deer in permanent enclosures. The samples were analyzed by high-throughput sequencing
of the 16 S rRNA gene. The results showed that the gut bacterial microbiota differed in diversity, abundance, and
heterogeneity within and between the various management groups. Free-ranging deer exhibited lower alpha
diversity compared with deer in enclosures, probably because of the food supplementation available to the animals
within the enclosures. Free-living individuals also showed the highest beta diversity, indicating greater variability in
foraging grounds and plant species selection. Moreover, free-ranging deer had the lowest abundance of potentially
pathogenic bacterial taxa, suggesting a healthier gut microbiome. Winter-gated deer, which spent some time in
enclosures, exhibited intermediate characteristics between free-ranging and all-year-gated deer. These findings
suggest that the winter enclosure management strategy, including supplementary feeding with processed plants
and crops, has a significant impact on the gut microbiome composition of red deer. Overall, this study provides
important insights into the effects of management conditions, particularly winter enclosure practices, on the gut
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microbiome of red deer. Understanding these effects is crucial for assessing the potential health implications of
management strategies and highlights the value of microbiota investigations as health marker.

Keywords 16S rRNA sequencing, Wildlife management, Winter enclosures, Diet supplementation, Artiodactyla,

Bavarian national park/Germany, Prevotellaceae, Roseburia

Introduction

In recent years, the holobiont concept has established
the idea that gut microorganisms are fully integrated and
essential fellows of their hosts [1, 2]. In some particular
cases, this relationship is so intertwined that primary and
essential functions for host survival are hard-wired not in
their own DNA but in the DNA of their symbionts [3].
In ruminants, gut bacteria are the first to interact with
forage ingested by the host animals [4]. In the foregut, a
plethora of bacteria contributes to this interaction. Clos-
tridiales help to break down proteins, pectins, and cel-
lulose, whereas Prevotella degrades hemicellulose in the
rumen [5]. Animals benefit from a healthy gut, but not
all microorganisms are beneficial for the host. Inside the
gut, the available space for anchoring to the mucosa is
limited, and bacteria and other microorganisms are in
a constant struggle, competing with newcomers in the
search for a niche in which to settle [6].

This tug of war results in a chemical struggle between
various strains of bacteria and can, in turn, have detri-
mental effects on the host by causing a dysbiosis, a shift
in bacterial species community and abundance pattern
beyond the normal range of variation [7-9]. The host has
an interest in holding on to beneficial microorganisms,
while repelling potential invaders and pathogens [10].
The immune system of the host curates the relationship
between the host and its endosymbionts by surveillance
of the intestinal lumen and the release of anti-microbial
peptides and IgA antibodies [11]. A healthy and balanced
gut microbiome therefore not only provides benefits in
terms of nutrient availability, but also interacts with the
host’s immune system [10, 12, 13].

For most mammals, the main route of exposure to new
microorganisms and pathogens is through the food that
they consume and, to a lesser extent, through their asso-
ciations with other animals of the same or different spe-
cies [14]. However, the diet of many wild free-ranging
animals might deviate from the “natural” state to which
they are evolutionarily adapted, because of anthropo-
genic influences [9, 15]. Such dietary changes might
strongly impact the composition and diversity of the gut
microbiome within individuals (alpha diversity), causing
a potential decline in beneficial microbial functions [16,
17]. Furthermore, the diversity of the gut microbiome
between individuals (beta diversity) can also be affected.
On the one hand, stressors might reduce the ability of
animals to counteract stochastic changes of the compo-
sition of the microbiome [17, 18]. On the other hand,

individual differences in the selection of food sources
between animals potentially contribute to a natural
degree of beta diversity that may be reduced if most indi-
viduals in the population consumed the same anthropo-
genic items. A decrease in microbiome alpha diversity
and a change in beta diversity might consequently be
indicators of declining animal health across a population
[17, 18].

Red deer (Cervus elaphus) are the second-most wide-
spread wild ungulate species in Europe [19] and impor-
tant ecosystem “engineers” that can promote biodiversity,
e.g., by browsing dominant plant species, by creating
forest openings, by contributing to the dispersal of plant
seeds, and by providing food resources for large preda-
tors and scavengers [19-23]. However, many behaviors of
red deer, such as browsing and bark stripping might be
beneficial ecologically to a certain degree, but also lead to
damages and economic losses for forestry and agriculture
[19]. Red deer populations are therefore intensely man-
aged, like other ungulate species in the northern hemi-
sphere such as elk (Cervus canadensis), moose (Alces
alces), roe deer (Capreolus capreolus), and fallow deer
(Dama dama) [24]. In many areas, hunting is used as a
method of population control [24]. The downstream
effect of this practice is that animals become more reclu-
sive. Such behavioral changes can substantially impact
their diet, as the grasses, herbs, and shrubs from open
foraging grounds are replaced by tree leaves, buds, and
bark [25], and their exposure to new bacterial sources
affects their gut microbiome composition. In addition,
red deer management often involves the provisioning
of supplementary food to decrease winter mortality and
damage to forest regeneration, although evidence for the
effectiveness of the latter is limited [24]. In mountainous
areas, such feeding stations are often fenced to restrict
the movement of the animals and to limit browsing dam-
age in the majority of the area, forming so-called winter
enclosures [26]. Although this management strategy also
leads to extensive browsing in and around the enclosures
[22], the composition of the animals’ winter diet will
change drastically compared with that in a natural state,
incorporating a high proportion of processed plants (hay
or silage) and crops. The aggregation of animals at feed-
ing sites may also favor the spread and persistence of dis-
eases [27, 28].

In this study, we used a 16 S rRNA gene high-through-
put sequencing approach to investigate the effects of a
management strategy on the bacterial gut microbiota
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of red deer (Cervus elaphus) in the Bavarian Forest
National Park (Germany). We compared animals living
permanently in enclosures, animals staying over winter
in enclosures, and free-living animals. Our specific aims
were (i) to test whether the gut bacterial microbiota dif-
fered in diversity, abundance, and heterogeneity within
and between treatment groups, (ii) to identify any indi-
vidual bacterial taxa that were differentially abundant
because of the different management conditions, and (iii)
to compare those taxa with existing bacterial taxa pres-
ent in databases and reported in the literature in order
to reveal potential health implications. We hypothesized
that a higher alpha diversity would characterize the gut
microbiome of free-living deer compared with that of
animals spending time in captivity, the supplementary
feed being less diverse than the natural forage. Further-
more, we expected that the free-living deer would show
the highest beta diversity, because the selection of for-
aging grounds and plant species often varies the most
between individuals. Additionally, we predicted that the
free-living deer would show the lowest abundance of
potentially pathogenic bacterial taxa. The winter-gated
individuals should take an interim position between free-
ranging and all-year-gated animals. Our study provides
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important insights concerning the effect of the winter
enclosure management practice in terms of diet supple-
mentation on the microbiome of individuals and its
meaning for population health.

Methods
Red deer management conditions and fecal sample
collection
The study of the effects of management conditions on red
deer gut microbiomes was carried out between 2018 and
2021 in the Bavarian Forest National Park (48°57°13.6 “N
13°23’57.1"E) in southeast Germany (Fig. 1). Along the
elevational gradient from 600 m to 1453 m asl, annual
mean temperatures decrease from 6.5 °C to 3 °C. Mean
annual precipitation ranges between 830 and 2230 mm
[29]. We collected fecal pellets from free-ranging indi-
viduals (free-living FL: Hiittenberg and Deffernikhinge),
semi-captive red deer kept temporarily in four win-
ter enclosures (winter-gated WG: Ahornschachten,
Buchenau, Neuhiittenwiese, and Riedlhéng) and two per-
manently gated enclosures (all-year-gated G: Altschonau
and Scheuereck) (Fig. 1).

The winter enclosures for red deer in the Bavarian
Forest National Park were established in the 1970s as a

Fig. 1 Location of the study area and sampling locations of red deer fecal samples in the Bavarian Forest National Park in southeastern Germany, close

to the Czech Republic
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wildlife management measure, because the natural win-
ter ranges of the red deer were largely located outside of
the designated local red deer territory [30]. In Bavaria, all
red deer outside of these red deer territories must be shot
by law to prevent damage to agriculture and forestry [31].
Free-living red deer are attracted from October onwards
to the winter enclosures by supplementary feeding. The
gates are later closed depending on the weather condi-
tions (between October and January). The winter enclo-
sures have an area of 33.04 (£9.35) hectares with a deer
density of 0.41-4.32 per ha. Throughout the winter, the
deer diet is supplemented with silage fodder, apple pom-
ace, and sugar beet, which is provided ad libitum to the
animals [32]. The overall provision of food is regulated
quantitatively and qualitatively to fulfill the minimum
nutritional requirements of the deer [30], with the daily
amount of provided food depending on the number of
animals in the enclosure. In spring, between the end of
March and the beginning of May when natural vegetation
starts to grow again, the gates are opened, allowing indi-
viduals to start roaming freely until they return in the fol-
lowing winter [33]. Two permanent enclosures are part of
the national park’s educational program, allowing visitors
to experience and learn about the animals. The enclo-
sures have an area of 3.8 and 7.8 ha, and the animals are
fed with hay, carrots and pellets [34].

We collected 20 fecal pellets, each from one well-
defined fecal pellet group (pellets with <5 c¢cm distance
from each other), at the end of winter (April 2018, Febru-
ary 2019, and March 2021) in the permanent enclosures
and winter enclosures. Fecal pellets were also collected at
locations where free-living deer were present (February
2019 and March 2021). The pellets can be easily distin-
guished from those of the only other free living ruminant
in the study area, the roe deer (Capreolus capreolus), by
their size and shape [35]. In July 2018, 20 samples were
additionally taken at the two permanent enclosures. We
only used fresh pellets that were moist and had an intact
surface. Like any study gathering samples from wild indi-
viduals, there is a risk of sampling the same individual
twice: once in the summer (FL) and again in the winter
enclosures (WG@G). While we took precautions to prevent
this, we acknowledge that replication is possible. To avoid
environmental contamination, we dissected the fecal pel-
lets in the field by using sterile equipment, collecting only
the inner part of the pellet and preserving it in 1.5 mL
Eppendorf tubes containing 600 pL nucleic acid pres-
ervation buffer (own formulation) [32, 36]. All samples
were stored at -20 °C until DNA extraction.

DNA extraction

We extracted total DNA from the fecal pellets by using
the NucleoSpin Soil Kit 96 (Macherey-Nagel, Diiren,
Germany). We followed the manufacturer’s guidelines
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with two minor modifications to optimize the protocol.
We used about 150 mg wet fecal matter as the starting
point of the extraction and performed two consecutive
DNA elution steps at the end of the protocol to ensure
a total yield volume of 100 pl. We also extracted several
negative controls to account for contamination during
the extraction process. The extracted DNA was stored at
-20 °C in 96-well plates.

Amplification of the 16 S rRNA gene V4 region, library
preparation, and lllumina sequencing
We targeted a 291-bp fragment of the hypervariable V4
region of the 16 S rRNA gene with the universal bacterial
primers 515 F ('5-GTGCCAGCMGCCGCGGTAA-3)
and 806R (5'-GGACTACHVGGGTWTCTAAT-3') fol-
lowing the earth microbiome protocol and recommenda-
tions for polymerase chain reaction (PCR) amplification
[37]. We used a SimpliAmp Thermal Cycler (Applied
Biosystems, Darmstadt, Germany) for the amplifica-
tion with a two-step PCR approach. In the first PCR, the
target was amplified using the primers 515 F and 806R,
and during the second PCR, individual barcodes and the
[llumina adapters were added. The primers were tagged
with universal adapters (CS1 and CS2, Standard BioTo-
ols, South San Francisco, USA) and 4 Ns were added
to the forward primer for cluster identification during
sequencing. A prepared target-specific primer mix (TS)
contained CS1-4 N-515 F and CS2-806R, 400 nM each.
The first PCR included 1 pl template DNA, 5 ul Ampli-
Taq Gold™ 360 Master Mix (Applied Biosystems, Darm-
stadt, Germany), 1.5 pul TS primers, and 2.5 pl water to
give a final volume of 10 pl. Our amplification protocol
included an initial warm-up at 95 °C for 10 min, followed
by 30 cycles with 30s at 95 °C (denaturalization), 30s at
60 °C (annealing), and 45s at 72 °C (elongation), with a
final elongation at 72 °C for 10 min. For the 20 pl bar-
coding step, we used 10 pul AmpliTaq Gold™ 360 Hot Start
Master Mix (Applied Biosystems, Darmstadt, Germany),
3 pl template amplicon from the unbarcoded sample,
4 pl individual barcodes and Illumina adapters (Fluidigm
Access Array™ System for Illumina Sequencing Systems,
©Standard BioTools, South San Francisco, USA), and
3.0 pl ultrapure water. The reaction times were identical
to those in step one, but only 10 cycles were carried out.

We purified and cleaned up residual oligonucleotides
by using NucleoMag® NGS Clean-up and Size Select Kit
(Macherey-Nagel, Diiren, Germany) on a GeneTheatre®
(Analytik Jena, Jena, Germany) according to the manu-
facturer’s guidelines and our own workflow stream and
checked for the expected amplicon length by using cap-
illary electrophoresis on a QIAxcel Advanced System
(QIAGEN, Hilden, Germany).

We measured DNA concentrations of the barcoded
samples by using the fluorescent dye of the QuantiFluor®
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dsDNA System (Promega, Madison, USA) on a TECAN
Infinite F200 PRO"® plate reader (Tecan, Mannedorf, Swit-
zerland). We normalized the samples to include 60 ng of
each indexed amplicon in the final library. For sequenc-
ing, we used an 8 pM library loaded onto a MiSeq flow
cell and spiked our library with PhiX sequencing control
V3 at 5% (Illumina MiSeq Reagent Kit V2). Paired-end
sequencing was performed over 2x251 cycles in an Illu-
mina MiSeq (Illumina, San Diego, USA) following the
manufacturer’s recommendations.

Bioinformatic processing

We used the QIIME2 Command Line pipeline (version
2020.2) in a Linux Mint 19.2 environment for demulti-
plexing and denoising. After removing the adapters and
primers, we consolidated our sequence library by keep-
ing 200 base pairs in each reading direction. The mean
quality score for this part of the sequence was 37. Both
the sequence length and the quality score were selected
to maximize sample retention without decreasing the
sample quality and following the standard established by
other papers [32, 38, 39]. We chose the DADA?2 plugin
[40] to account for sequencing error rates, to form con-
sensus sequences, and to remove chimeras and other
artifacts [40]. We assigned taxonomy to each Amplicon
Sequence Variant (ASV) by training a SILVA V4 Clas-
sifier (SSU release 138 515-806) object with the “giime
feature-classifier classify-sklearn” function in QIIME2 at
the highest level of taxonomical resolution (level 7). We
purged our dataset of any sequences assigned to chlo-
roplasts, mitochondria, and archaea or of that given the
“Unassigned” tag. The curated data base was imported
into R [41] and the phyloseq package was used for all
subsequent analysis [42]. We then removed the taxa that
were identified in the extraction and PCR controls as
contaminants and kept only samples that retained at least
8,000 reads following the filtering steps in our database.

Statistical analysis

To construct compositional plots, we consolidated our
database down to a higher taxonomical resolution (fam-
ily and phylum level) and calculated the relative abun-
dance of the specific taxa in each sample according to the
sample ID and management condition (FL, WG, G). To
simplify the visualization, we sorted all taxa with a rela-
tive abundance lower than 3% into a new category named
“Others”.

To assess individual microbial alpha diversity, we used
the number of Amplicon Sequence Variants (ASVs) to
represent the taxa richness [43], the Shannon-Wiener
index [44, 45] as a proxy for the community entropy, and
lastly, Faith’s Phylogenetic diversity (Faith’s PD) index
[46] to consider phylogenetic diversity. We calculated
an index for each sample and then collated the resulting
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information by sampling locality and management con-
ditions (FL, WG, G). Because of the non-normal nature
of the data, we used the Wilcoxon test [47] to ascertain
overall differences between groups and the Kruskal-Wal-
lis test [48] for pairwise differences between management
conditions. We used the False Discovery Rate correction
(FDR) to correct all P-values when multiple tests were
performed.

Before beta diversity calculations, we filtered out all
singletons from the data and applied a prevalence filter
to our data to remove ASVs that had not been present
in at least 40% of the samples. Finally, we removed any
sample remaining that had fewer than 12,000 reads from
the database. This step is necessary since by applying a
40% of samples threshold, some samples are left with just
a few ASVs that account for a small number of reads. By
applying the filter, we are ensuring a sufficient depth of
coverage for the samples that are included in the analysis.

We used a dissimilarity matrix to calculate the two
beta diversity metrics, namely Weighted and Unweighted
UniFrac distances between individuals [49-51]. The
Weighted UniFrac distance metric integrates the taxo-
nomic richness and the relative abundance of a specific
ASYV; therefore, it shows the difference between the most
abundant features of the individual bacterial microbiota.
The Unweighted UniFrac disregards the relative abun-
dance of any particular ASV; hence, it is mainly influ-
enced by presence-absence data. We used the first two
variables as ordination axes and plotted the data accord-
ing to management condition and/or sampling locality to
reduce the number of dimensions and to provide a visual
approximation to the difference between management
conditions. We employed a Permutational Multivari-
ate Analysis Of Variance Using Distance Matrices [PER-
MANOVA [52]], to test for differences in beta diversity
measurements between groups and evaluated the statisti-
cal significance using the Adonis function in the “vegan”
package by using 9,999 permutations [53].

To infer bacterial microbiota heterogeneity, we cal-
culated the centroids of all pairwise distances for each
group and plotted the centroids together with all data
points and their 95% confidence ellipses. We used the
data dispersion around the centroid for each manage-
ment condition to represent variability within the groups.
We tested for differences between dispersion by means of
the “betadisper” function in the Vegan package in R [53].

Finally, to test for the differential abundance of specific
ASVs, we employed an analysis of compositions of bacte-
rial microbiotas, namely ANCOM v.2 [54]. This method
allowed us to distinguish between sampling and struc-
tural zeroes in the data (see [55] for details). We created a
volcano plot mapping by family and genus for the differ-
entially abundant taxa.
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Results

We collected 485 samples distributed across the three
different management conditions (FL, WG, G) and years
(Suppl. Table 1). After filtering out the controls and
removing all contaminants, our final database contained
13,648,922 reads encoding 27,942 unique Amplicon
Sequent Variants (ASVs) distributed across all samples.
Following the removal of all reads from any sample with
less than 8,000 reads, each sample had on average 27,667
(£7,322) reads and an average of 465 (+134) unique
ASVs.

Effect of management on gut bacterial community
composition of red deer

The bacterial microbiota composition was more simi-
lar in animals experiencing semi-captive and captive
management conditions, compared with free-living
red deer (Fig. 2). The bacterial microbiota of WG and
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G-individuals were mainly composed of Firmicutes
(60.1-67.1%), followed by Bacteroidota (24.6-31.2%).
The free-living individuals also had bacterial microbiota
firmly founded on Firmicutes (61.4%) and Bacteroidota
(18.5%) but additionally harbored a substantial contribu-
tion from Proteobacteria (15.3%). At the family level, the
composition was stable across the different management
conditions, but the free-living individuals had a substan-
tially higher representation of the Pseudomonadaceae
family (10.8%).

Effect of management on gut bacterial alpha and beta
diversity pattern and heterogeneity of red deer bacterial
microbiotas

The alpha diversity indices, entropy (Shannon-Weiner)
(Fig. 3A), bacterial taxa richness (number of ASVs)
(Fig. 3B), and phylogenetic diversity of the individual
bacterial community (Faith’s PD) (Fig. 3C) increased with
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Fig. 2 Mean bacterial composition of the gut bacterial microbiotas of red deer living under three management conditions (free living (FL), winter-gated
(WG), and all-year-gated (G)) in the Bavarian Forest National Park at phylum (top panel) and family (bottom panel) level
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the level of management and confinement. Accordingly,
we found that all-year-gated animals had a significantly
higher taxa richness (number of ASVs) than free-living
deer and individuals under semi-captive conditions
(Fig. 3). The free-living individuals (FL) had the lowest
scores for these indexes (Fig. 3B-C). Altogether, the trend
showed that animals under more constrained manage-
ment conditions had higher alpha diversity scores than
free-living red deer.

Regarding beta diversity, samples clustered according
to management conditions and sampling locality (Fig. 4).
Both management condition and year-to-year varia-
tion were determining factors for beta diversity in the
Weighted and Unweighted UniFrac metrics (Suppl. Table
2). Overall, we obtained a clear result: the free-living
individuals had a lower alpha diversity at the individual
level, but a more diverse and heterogenic bacterial micro-
biota was observed among these individuals than among
the individuals under the other two management condi-
tions (WG, Q).

Bacterial microbiota heterogeneity, meaning the dis-
tance of a particular individual to the centroid of its
group, decreased with more restrictive management
conditions. This effect was consistent for both core
(Weighted UniFrac distances) and non-core (Unweighted
UniFrac distances) bacterial microbiota features. Thus,

we detected higher levels of variation in free-living indi-
viduals not just for the rare taxa, but also for the most
abundant and resilient components of the bacterial
microbiota of the red deer at our study sites. Moreover,
the data dispersion was significantly higher in the FL
individuals than in WG and G individuals (Fig. 5).

Effect of management on differential abundance of
bacterial taxa

Several bacterial taxa differed in abundance between
the management conditions based on ANCOM. The gut
bacterial microbiota of the free-living red deer harbored
several exclusive taxa, such as Treponema (Treponemata-
ceae), Ruminococcus (Oscillospiraceae), and Bacteriodes
(Bacteroidaceae). We also found that bacterial taxa such
as Roseburia and Parvibacter were more abundant in
the free-roaming individuals than in deer held under the
other two management conditions. Other bacterial fami-
lies such as Lachnospiraceae, Rikenelleaceae, Flavobacte-
riaceae, and Eggertheliaceae were also significantly more
abundant in free-living individuals (Fig. 6).

On the contrary, some Bacteroidaceae, including mem-
bers of P-251-05, were more abundant in winter-gated
and gated individuals. The gated individuals also pre-
sented a high abundance of Prevotellaceae (UGC-004),
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a well-known endosymbiont of ruminants, and a higher
abundance of a different taxa of Bacteriodes.

Discussion
Animals act as host to complex inner ecosystems consist-
ing of a plethora of microorganisms that not only inhabit
and metabolize food, but actively contribute to the over-
all immune condition of individuals [56, 57]. Environ-
mental and associated dietary shifts might impact gut
microbial communities. In extreme cases, changes in
diet regimes drive (A) the loss of homeostasis typically
exemplified by a decline of commensal bacteria and (B)
an increase of pathogenic taxa. In the present study, we
tested the impact of food provisioning, which forms
part of the wildlife management concept of the Bavar-
ian Forest National Park (Germany) during the winter,
on the gut bacterial microbiota composition of red deer.
Moreover, we compared the gut bacterial microbiota of
all-year free-ranging individuals with those of individu-
als spending the wintertime in large enclosures and with
those of individuals that are all-year-gated for tourism
purposes.

Regardless of the management condition all individu-
als harbored a typical, healthy artiodactyl gut bacte-
rial microbiota composition [58, 59]. Following our

expectations, the bacterial microbiota was more similar
between the groups of animals that spent at least part of
the year in captivity. Although differences were notable
in terms of composition, all treatment groups followed
a well-structured and predictable composition for an
herbivorous artiodactyl bacterial microbiota strongly
dominated by Firmicutes and Bacteroidota [32, 60, 61].
Firmicutes dominate nutrient absorption and bioavail-
ability because of their high capacity for hydrolyzing
carbohydrates [62, 63]. Additionally, we found that the
bacterial microbiota composition of the free-living deer
had a higher contribution of Proteobacteria.

Captive red deer had a higher gut bacterial microbiota
alpha diversity than their wild conspecifics

Interestingly, we observed that captive red deer in the
Bavarian Forest National Park had a higher gut micro-
biome alpha diversity than their wild conspecifics,
whereas the individuals that overwintered in enclosures
were ranked in between. The alpha diversity was higher
in gated animals for all metrics (ASVs, Shannon, and
Faith’s PD) compared with the other treatments. Dur-
ing the winter, free-ranging individuals feed on grasses
and browse trees and shrubs [64]. Also, individuals in
the large temporary gated winter enclosures can feed on
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natural vegetation but additionally obtain silage, mashed
apples and sugar beets, whereas all-year-gated red deer
solely rely on artificial food provisions. Similar to our
observations for red deer in the Bavarian Forest, sika deer
(Cervus nippon hortulorumy) kept in gated enclosures on
farms have a higher alpha diversity than free-living sika
deer [65].

McKenzie et al. [66] showed that the microbiome
response to captivity is extremely taxa-dependent, and
that, for some species, captivity had no effect on alpha
diversity (bovids, giraffes, anteaters, and aardvarks),
whereas it had a negative effect in other taxa (canids, pri-
mates, and equids) and a positive effect in two species
(Black and White Rhinoceros). In our study, we found
similarly, that red deer in yearlong captivity had higher
alpha diversity of bacterial gut microbiota than the semi-
captive and free ranging individuals. McKenzie et al. did
not discuss potential explanations for the increased alpha
diversity in captive rhinoceroses. Presently, we can also
not explain the increase of alpha diversity in captivity
that we observed for red deer. In the future, this relation-
ship could be explored using an experimental approach.
For ruminants in general, McKenzie et al. propose that a

stable gut microbiome is able to utilize a variety of feeds
and does not result in differences between free-living and
captive animals [66, 67]. In agreement with this notion,
the microbiome alpha diversity of roe deer (Capreolus
capreolus) receiving supplemental feeding, of captive for-
est musk deer (Moschus berezovskii), and of captive Pere
Davids deer (Elaphurus davidianus) is marginally lower
but not significantly different compared to that of their
conspecifics living on a natural diet in the wild [59, 61,
68].

Free-living individuals had a higher beta diversity and
hosted a more heterogeneous gut microbiome community
than their captive counterparts

Contrary to the alpha diversity patterns, the beta diver-
sity between individuals who lived either temporarily
or year-round in enclosures was strongly reduced. Beta
diversity showed a nested pattern in which individuals
from the same management category had more similar
microbiomes, i.e., captive and semi-captive red deer had
more similar gut microbiomes than free-living individu-
als. This trend was sustained both for the core (Weighted
UniFrac) and non-core (Unweighted UniFrac) features of
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the microbiome. We observed that the centroids of both
the captive and semi-captive individuals were closer to
each other than to those of the free-living individuals.
Moreover, free-living individuals host a more hetero-
geneous gut microbiome community than their captive
counterparts, meaning that beta diversity increases with
a natural diet.

Following the assumption that the microbiome is
governed by a combination of diet, environment, and
phylogeny [69, 70], it is not outrageous to attribute the

heterogeneity of the environment that free-living animals
face on a day to day basis (and the inherent expanded
dietary offer) as a determining factor in microbiome
composition and heterogeneity between individuals.
Free-ranging animals are exposed to much more diver-
gent conditions than their captive or semi-captive coun-
terparts. Red deer are classified as intermediate feeders,
foraging on a wide variety of plant parts from different
species, including graminoids, forbs, and fruits, plus
leaves, needles, and the bark of bushes and trees [71].
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In the Bavarian Forest National Park, red deer primarily
feed on grasses and deciduous and coniferous trees and
browse on bilberries, ferns, and bramble during the fruit-
ing season, dependent on the habitat. The proportion of
parts of coniferous trees in the diet increases strongly in
winter [64]. The food items that the deer select from this
diverse palette can differ strongly between individuals,
and these differences can, for example, be shaped by the
foraging patterns of their mothers [72].

Interestingly, the animals in the winter enclosures
showed a similar pattern to the all-year-gated individuals,
although they are free-ranging for most of the year and
have no direct contact with the gated animals. In addition,
the enclosures are not clustered, but distributed across
the landscape, evidencing a negligible spatial compo-
nent in the microbiome adaptation (Fig. 1). The similarity
must therefore be connected to the similar composition
of their artificial diet, with a large proportion of silage
and other agricultural items. A consistent change of diet
for less than a week can alter the microbiome composi-
tion and beta diversity drastically [73]. Overall, diet is a
significant force that shapes the microbiome [69, 73-75],
although the higher contact rate between individuals [76]
in the winter enclosures and permanent enclosures might
also contribute to the homogenization of the microbiome
compositions between the animals.

This raises the question of why microbiome heteroge-
neity is critical for the survival of wildlife populations.
The microbiome makes substantial metabolic and physi-
ological contributions to the host’s health, being referred
to as the third genome of a host (with the first two being
nuclear and mitochondrial). As for all other genetic com-
ponents, a divergence between individuals might be criti-
cal, as selection forces associated with environmental and
associated dietary changes inflict differential pressures
on different genomes. Microbiome heterogeneity mim-
ics bacterial genetic diversity (homologous to the fixation
index (Fgp) in population genetics), which is crucial for
the survival and resilience of healthy animal populations.

The timing of sample collection and winter confine-
ment likely contributed to the striking similarity between
the gut microbiota of WG and G animals. Research has
shown that seasonal changes can significantly impact
the composition of gut microbiota in White-lipped deer
(Cervus albirostris) [77], and environmental factors such
as diet and housing conditions can also influence gut
microbiota. Therefore, it is probable that the prolonged
winter confinement and sampling time played a vital role
in shaping the gut microbiota composition of the WG
and G groups in our study. These findings emphasize the
importance of considering the timing of sample collec-
tion and environmental factors when studying the gut
microbiota of animals.
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Free-ranging individuals harbored a higher abundance of
specific bacterial taxa attributed to host health

An exclusive bacterium in free-ranging individuals was
Ruminococcus sp. This genus is a common gut symbiont
of Cervidae and has been reported in wild sika deer in
China [62] and captive elk in South Korea [58] An experi-
mental study on Norwegian reindeer (Rangifer tarandus)
has shown that, when animals are dosed with probiotics
(including Ruminococcus flavefaciens), the overall micro-
biome diversity (Faith’s PD) and evenness decreases sig-
nificantly [78]; demonstrating that this bacterium can
significantly shape the diversity and structure of the gut
microbiome. In mice, Ruminococcus gnavus is an essen-
tial link in the brain-gut axis, and animals treated with
this bacterium showed improvements in the modula-
tion of granule cell development and spatial memory
enhancements [79]. Both these studies highlight the
importance of keystone bacteria in the gut and present
the question as to how a specific bacterium can shape the
gut microbiome structure and diversity and the brain-gut
axis.

The free-living deer in our study also had a higher
abundance of Roseburia than their captive and semi-
captive counterparts. This bacterium (especially Rose-
buria intestinalis) has been highlighted as a good health
marker. Roseburia is an anaerobic gram-positive bacte-
rium that produces high levels of short-chain fatty acids
(SCFAs) in the colon [80]. These SCFAs play not only a
significant role in nutrient bioavailability and T-cell gen-
eration [81, 82], preventing inflammation [83, 84], but
also form an essential link in the brain-gut axis [85].

However, we have not only detected beneficial bacteria
in free-ranging individuals. Their gut microbiome also
harbors Treponema (Treponemataceae). Treponema is
a large genus of bacteria containing human and wildlife
pathogens [86]. In humans, Treponema pallidum palli-
dum is the causative agent of syphilis [87]. In artiodactyls,
Treponema has been found to be the pathogen respon-
sible for digital dermatitis in elk in North America [86,
88]. A recent study has found Treponema in fecal sam-
ples of free-ranging red deer from Portugal [89]. These
samples also present high levels of Tetracycline antibiotic
resistance genes (ARGs). However, the individual contri-
bution of this bacterium to microbiome-wide signals is
difficult to distinguish.

Conclusions

We have found that the supplemental feeding of red deer
is correlated with higher alpha diversity of the bacterial
gut microbiota, emphasizing the role that supplemental
feeding plays in shaping the gut microbiome of individu-
als. Our study demonstrates that even temporary dietary
changes have an impact on the gut microbiome and, thus,
the importance of properly monitoring gut health when
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animals are translocated or kept in temporary enclosures
(i.e., animals in quarantine).

Additionally, our study shows that gut microbiome
heterogeneity decreases with the degree of supplemental
feeding. Animals that feed freely have gut compositions
that are more different from each other when compared
with animals that receive supplemental feeding. Such
microbiome homogenization might be explained by less
diverse foraging options and increased contact between
individuals when held in gated or temporarily gated con-
ditions. This information is crucial for wildlife manage-
ment, since microbiome homogenization can lead to
faster pathogen transmission within a population. Our
study highlights the value of implementing microbiota
investigations as an important health marker in wildlife
management and conservation.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/542523-024-00315-6.

[ Supplementary Material 1 ]

Acknowledgements

This study was funded by the Bavarian State Ministry of the Environment and
Consumer Protection (project ID 77262). We thank the students and interns
who helped with the collection of the samples: Hanna Reuter, Teresa Glaser,
Sandra Niederlechner, Viktoria Frank, Anabel Bouvier, Fritz Fokken, Manon
Morel Federica Ferrario, Joachim Schwane, and Lucia Ripari. Furthermore,

we are grateful to all the people who supported the DNA extraction and
analysis. We would also like to thank the anonymous reviewers that help
improve this manuscript.

Author contributions

LV, MH, MH and SS designed the experiment. MH and MH collected the
samples. KW, VR and MB perform all laboratory procedures. LV performed
bioinformatic and statistical analysis. LV wrote the initial draft and created
Figs.2,3,4,5 and 6. MH, MH, SS, and LV edited the manuscript. All authors
reviewed the manuscript.

Funding

MHen and MHeu received funding from the Bayerisches Staatsministerium ftr
Umwelt und Verbraucherschutz, Project Nr. 77262.

Open Access funding enabled and organized by Projekt DEAL.

Data availability
Upon acceptance, data will be available for the public by request to the
authors.

Declarations

Ethical approval
Our study did not require an Ethical Approval since no permit is necessary for
faeces sampling after natural defecation.

Competing interests
The authors declare no competing interests.

Author details

'Institute of Evolutionary Ecology and Conservation Genomics, Ulm
University, Ulm, Baden-Wirttemberg, Germany

’Department of Biology, Bucknell University, Lewisburg, PA, USA
3Department of National Park Monitoring and Animal Management,
Bavarian Forest National Park, Grafenau, Bayern, Germany

Page 12 of 14

“Chair of Wildlife Ecology and Wildlife Management, University of
Freiburg, Freiburg, Baden-Wirttemberg, Germany

>Albert-Ludwigs University, Freiburg, Baden-Wiirttemberg, Germany
SInstitute for Forest and Wildlife Management, Inland Norway University
of Applied Sciences, Koppang NO-34, Norway

Received: 25 July 2023 / Accepted: 9 May 2024
Published online: 14 May 2024

References

1. Dale C, Moran NA. Molecular interactions between bacterial symbionts and
their hosts. Cell. 2006;126:453-65.

2. PostlerTS, Ghosh S. Understanding the Holobiont: how microbial metabo-
lites affect human health and shape the Immune System. Cell Metabol.
2017;26:110-30.

3. Koropatnick TA, et al. Microbial factor-mediated development in a host-
bacterial mutualism. Science. 2004;306:1186-8.

4. Shabat SKB, et al. Specific microbiome-dependent mechanisms underlie the
energy harvest efficiency of ruminants. ISME J. 2016;10:2958-72.

5. Cholewiriska P, Czyz K, Nowakowski P, Wyrostek A. The microbiome of
the digestive system of ruminants — a review. Anim Health Res Reviews.
2020;21:3-14.

6. Oliveira PH, et al. Epigenomic characterization of Clostridioides difficile finds
a conserved DNA methyltransferase that mediates sporulation and patho-
genesis. Nat Microbiol. 2019;5:166-80.

7. Fackelmann G, et al. Human encroachment into wildlife gut microbiomes.
Commun Biology. 2021;4:800.

8. Heni AC, et al. Wildlife gut microbiomes of sympatric generalist species
respond differently to anthropogenic landscape disturbances. anim Microbi-
ome. 2023;5:22.

9. Risely A, et al. Climate change drives loss of bacterial gut mutualists
at the expense of host survival in wild meerkats. Glob Change Biol.
2023;29:5816-28.

10.  Zheng D, LiwinskiT, Elinav E. Interaction between Microbiota and immunity
in health and disease. Cell Res. 2020;30:492-506.

11. Levy M, Kolodziejczyk AA, Thaiss CA, Elinav E. Dysbiosis and the immune
system. Nat Rev Immunol. 2017;17:219-32.

12. Wang G, et al. Bridging intestinal immunity and gut microbiota by metabo-
lites. Cell Mol Life Sci. 2019;76:3917-37.

13. Wang L, Zhu L, Qin S. Gut microbiota modulation on intestinal mucosal adap-
tive immunity. J Immunol Res. 2019;2019:1-10.

14. Kamada N, Seo S-U, Chen GY, Nurez G. Role of the gut microbiota in immu-
nity and inflammatory disease. Nat Rev Immunol. 2013;13:321-35.

15. Kuthyar S, T Reese A. Variation in Microbial exposure at the human-animal
interface and the implications for microbiome-mediated Health Outcome.
mSystems. 2021,6:e00567-21.

16. Barelli C, et al. Habitat fragmentation is associated to gut microbiota
diversity of an endangered primate: implications for conservation. Sci Rep.
2015;5:14862.

17.  Fackelmann G, et al. Human encroachment into wildlife gut microbiomes.
Commun Biol. 2021;4:800.

18.  Zaneveld JR, McMinds R, Vega R, Thurber. Stress and stability: applying the
Anna Karenina principle to animal microbiomes. Nat Microbiol. 2017;2:17121.

19. Linnell JDC, et al. The challenges and opportunities of coexisting with wild
ungulates in the human-dominated landscapes of Europe’s Anthropocene.
Biol Conserv. 2020,244:108500.

20. Schutz M, Risch AC, Leuzinger E, Krisi BO, Achermann G. Impact of herbivory
by red deer (Cervus elaphus L) on patterns and processes in subalpine grass-
lands in the Swiss National Park. Ecol Manag. 2003;181:177-88.

21, Stewart AJA. The impact of deer on lowland woodland invertebrates:

a review of the evidence and priorities for future research. Forestry.
2001;74:259-70.

22. Stiegler J, Hoermann C, Miller J, Benbow ME, Heurich M. Carcass provision-
ing for scavenger conservation in a temperate forest ecosystem. Ecosphere.
2020;11:203063.

23. Wright SJ, Heurich M, Buchmann CM, Bocker R, Schurr FM. The importance of
individual movement and feeding behaviour for long-distance seed dispersal
by red deer: a data-driven model. Mov Ecol. 2020;8:44.


https://doi.org/10.1186/s42523-024-00315-6
https://doi.org/10.1186/s42523-024-00315-6

Viquez-R et al. Animal Microbiome

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.
42.

43,
44,

45.

46.
47.
48.
49.

50.

51

(2024) 6:28

Apollonio M, et al. Challenges and science-based implications for modern
management and conservation of European ungulate populations. Mamm
Res. 2017,62:209-17.

Coppes J, Burghardt F, Hagen R, Suchant R, Braunisch V. Human recreation
affects spatio-temporal habitat use patterns in red deer (Cervus elaphus). PLoS
ONE. 2017;12:e0175134.

Belotti E, Kreisinger J, Romportl D, Heurich M, Bufka L. Eurasian lynx hunting
red deer. Eur J Wildl Res. 2014;60:441-57.

Sorensen A, van Beest FM, Brook RK. Impacts of wildlife baiting and
supplemental feeding on infectious disease transmission risk: a synthesis of
knowledge. Prev Vet Med. 2014;113:356-63.

Putman RJ, Staines BW. Supplementary winter feeding of wild red deer
Cervus elaphus in Europe and North America: justifications, feeding practice
and effectiveness. Mammal Rev. 2004;34:285-306.

Most L, Hothorn T, Mller J, Heurich M. Creating a landscape of management:
unintended effects on the variation of browsing pressure in a national park.
For Ecol Manag. 2015;338:46-56.

Heurich M, Baierl F, GUnther S, Sinner KF. Management and conserva-

tion of large mammals in the Bavarian Forest National Park. Silva Gabreta.
2011;17:1-18.

Westekemper K. Impacts of landscape fragmentation on red deer (Cervus
elaphus) and European wildcat (Felis silvestris silvestris): a nation-wide land-
scape genetic analysis. (2022) https://doi.org/10.53846/goediss-9186.
Menke S, Heurich M, Henrich M, Wilhelm K, Sommer S. Impact of winter
enclosures on the gut bacterial microbiota of red deer in the Bavarian Forest
National Park. Wildlife Biology 2019 (2019).

Rivrud IM, Heurich M, Krupczynski P, Mller J, Mysterud A. Green wave
tracking by large herbivores: an experimental approach. Ecology.
2016,97:3547-53.

van Beeck Calkoen STS, Kreikenbohm R, Kuijper DPJ, Heurich M. Olfactory
cues of large carnivores modify red deer behavior and browsing intensity.
Behav Ecol. 2021,32:982-92.

Heurich M, et al. Cover or protection: what shapes the distribution of

red deer and Roe deer in the Bohemian Forest Ecosystem? PLoS ONE.
2015;10:¢0120960.

Menke S, Gillingham MAF, Wilhelm K, Sommer S. Home-made cost effective
preservation buffer is a better alternative to Commercial Preservation Meth-
ods for Microbiome Research. Front Microbiol 8 (2017).

Caporaso JG, et al. Ultra-high-throughput microbial community analysis on
the lllumina HiSeq and MiSeq platforms. ISME J. 2012;6:1621-4.

Gillingham MAF, et al. Offspring Microbiomes Differ across Breeding Sites in a
Panmictic Species. Front Microbiol. 2019;10:35.

Viquez-R L, et al. Faithful gut: core features of gastrointestinal microbiota of
Long-Distance migratory bats remain stable despite Dietary shifts driving
differences in specific bacterial taxa. Microbiol Spectr. 2021,9:e01525-21.
Callahan BJ, DADA2, et al. High-resolution sample inference from lllumina
amplicon data. Nat Methods. 2016;13:581-3.

Core Team R. R. A language and environment for statistical computing (2019).
McMurdie PJ, Holmes S. Phyloseq: an R Package for Reproducible Interactive
Analysis and Graphics of Microbiome Census Data. PLoS ONE. 2013;8:e61217.
Bolyen E, et al. Reproducible, interactive, scalable and extensible microbiome
data science using QIIME 2. Nat Biotechnol. 2019;37:852-7.

Shannon CE. A mathematical theory of communication. SIGMOBILE Mob
Comput Commun Rev. 2001;5:3-55.

Spellerberg IF, Fedor PJ. A tribute to Claude Shannon (1916-2001) and a
plea for more rigorous use of species richness, species diversity and the
‘Shannon-Wiener'Index: on species richness and diversity. Glob Ecol Biogeogr.
2003;12:177-9.

Faith DP. Conservation evaluation and phylogenetic diversity. Biol Conserv.
1992;61:1-10.

Rosner B, Glynn RJ, Lee M-LT. The wilcoxon signed Rank Test for Paired com-
parisons of Clustered Data. Biometrics. 2006;62:185-92.

Kruskal WH, Wallis WA. Use of ranks in One-Criterion Variance Analysis. J Am
Stat Assoc. 1952:47:583-621.

Lozupone C, Knight R. UniFrac: a new phylogenetic method for comparing
Microbial communities. Appl Environ Microbiol. 2005;71:8228-35.
Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. UniFrac: an
effective distance metric for microbial community comparison. ISME J.
2011;5:169-72.

Ley RE, et al. Obesity alters gut microbial ecology. Proc Natl Acad Sci U S A.
2005;102:11070-5.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 13 of 14

Anderson MJ. A new method for non-parametric multivariate analysis of vari-
ance: NON-PARAMETRIC MANOVA FOR ECOLOGY. Austral Ecol. 2001;26:32-46.
Oksanen J et al. vegan: Community Ecology Package (2022).

Mandal S et al. Analysis of composition of microbiomes: a novel method for
studying microbial composition. Microb Ecol Health Disease 26 (2015).

Kaul A, Mandal S, Davidov O, Peddada SD. Analysis of Microbiome Data in the
Presence of excess Zeros. Front Microbiol. 2017;8:2114.

Reese AT, Dunn RR. Drivers of Microbiome Biodiversity: A Review of General
Rules, Feces, and Ignorance. mBio 9, e01294-18 (2018).

Tropini C, Earle KA, Huang KC, Sonnenburg JL. The gut microbiome: connect-
ing spatial Organization to function. Cell Host Microbe. 2017,21:433-42.

Kim J-H, Hong SW, Park B-Y, Yoo JG, Oh M-H. Characterisation of the bacterial
community in the gastrointestinal tracts of elk (Cervus canadensis). Antonie
Van Leeuwenhoek. 2019;112:225-35.

LiY, et al. Comparative analysis of the gut microbiota composition between
captive and wild forest musk deer. Front Microbiol. 2017;8:1705.

Li Z, et al. Comparative Microbiome Analysis reveals the Ecological relation-
ships between Rumen Methanogens, Acetogens, and their hosts. Front
Microbiol. 2020;11:1311.

Ricci S et al. Impact of supplemental winter feeding on ruminal microbiota of
roe deer Capreolus capreolus. Wildlife Biology 2019 (2019).

Yan J,Wu X, Wang X, Shang Y, Zhang H. Uncovering the Fecal Bacterial
Communities of Sympatric Sika Deer (Cervus nippon) and Wapiti (Cervus
canadensis). Animals 12, 2468 (2022).

Ottman N, Smidt H, de Vos WM, Belzer C. The function of our microbiota: who
is out there and what do they do? Front Cell Inf Microbio 2 (2012).
Krojerové-Prokesova J, Barancekové M, Sustr P, Heurich M. Feeding patterns of
red deer Cervus elaphus along an altitudinal gradient in the Bohemian Forest.
Wildl Biol. 2010;16:173-84.

Guan', et al. Comparison of the gut microbiota composition between wild
and captive sika deer (Cervus nippon hortulorum) from feces by high-
throughput sequencing. AMB Expr. 2017;7:212.

McKenzie VJ, et al. The effects of Captivity on the mammalian gut Microbi-
ome. Integr Comp Biol. 2017;57:690-704.

Henderson G, et al. Rumen microbial community composition varies with
diet and host, but a core microbiome is found across a wide geographical
range. Sci Rep. 2015;5:14567.

Sun C-H, Liu H-Y, Liu B, Yuan B-D, Lu C-H. Analysis of the gut microbiome of
Wild and Captive Pére David's deer. Front Microbiol. 2019;10:2331.

Amato KR, et al. Evolutionary trends in host physiology outweigh dietary
niche in structuring primate gut microbiomes. ISME J. 2019;13:576-87.
Nishida AH, Ochman H. Rates of gut microbiome divergence in mammals.
Mol Ecol. 2018;27:1884-97.

Gebert C, Verheyden-Tixier H. Variations of diet composition of red deer
(Cervus elaphus L.) in Europe. Mammal Rev. 2001;31:189-201.

Conradt L. Use of a seaweed habitat by red deer (Cervus elaphus L). J Zool.
2000;250:541-9.

David LA, et al. Diet rapidly and reproducibly alters the human gut microbi-
ome. Nature. 2014;505:559-63.

Mallott EK, Amato KR. Phylosymbiosis, diet and gut microbiome-associated
metabolic disease. Evolution, Medicine, and Public Health 2020, 100-101
(2020).

Sieler MJ et al. Disentangling the link between zebrafish diet, gut microbi-
ome succession, and Mycobacterium chelonae infection. anim microbiome 5,
38(2023).

Yarlagadda K, Razik |, Malhi RS, Carter GG. Social convergence of gut microbi-
omes in vampire bats. Biol Lett. 2021;17:20210389.

You Z et al. Seasonal variations in the composition and diversity of gut micro-
biota in white-lipped deer (Cervus albirostris). Peer 10, 13753 (2022).
Praesteng KE, et al. Probiotic dosing of Ruminococcus flavefaciens affects
Rumen Microbiome structure and function in Reindeer. Microb Ecol.
2013;66:840-9.

Coletto E, et al. The role of the mucin-glycan foraging Ruminococcus gnavus
in the communication between the gut and the brain. Gut Microbes.
2022;14:2073784.

Tamanai-Shacoori Z, et al. Roseburia spp.: a marker of health? Future Micro-
biol. 2017;12:157-70.

Arpaia N, et al. Metabolites produced by commensal bacteria promote
peripheral regulatory T-cell generation. Nature. 2013;504:451-5.

Smith PM, et al. The Microbial metabolites, short-chain fatty acids, regulate

colonic T o cell homeostasis. Science. 2013;341:569-73.


https://doi.org/10.53846/goediss-9186

Viquez-R et al. Animal Microbiome

83.

84.

85.

86.

87.

(2024) 6:28

Silva YP, Bernardi A, Frozza RL. The role of short-chain fatty acids from gut
microbiota in Gut-Brain communication. Front Endocrinol. 2020;11:25.
Taschuk R, Griebel PJ. Commensal microbiome effects on mucosal immune
system development in the ruminant gastrointestinal tract. Anim Health Res
Rev.2012;13:129-41.

Dalile B, Van Oudenhove L, Vervliet B, Verbeke K. The role of short-chain
fatty acids in microbiota—gut-brain communication. Nat Rev Gastroenterol
Hepatol. 2019;16:461-78.

Clegg SR, et al. Isolation of Digital Dermatitis Treponemes from hoof lesions
in Wild North American Elk (Cervus elaphus) in Washington State, USA. J Clin
Microbiol. 2015;53:88-94.

Radolf JD, et al. Treponema pallidum, the syphilis spirochete: making a living
as a stealth pathogen. Nat Rev Microbiol. 2016;14:744-59.

Page 14 of 14

88. Han S, etal. Treponeme-Associated hoof disease of free-ranging elk (Cervus
elaphus) in Southwestern Washington State, USA. Vet Pathol. 2019;56:118-32.

89. Dias D, Cruz A, Fonseca C, Mendo S, Caetano TS. Antibiotic resistance and
potential bacterial pathogens identified in red deer’s faecal DNA. Trans-
bounding Emerg Dis 69 (2022).

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿A taste of wilderness: supplementary feeding of red deer (﻿Cervus elaphus﻿) increases individual bacterial microbiota diversity but lowers abundance of important gut symbionts
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Red deer management conditions and fecal sample collection
	﻿DNA extraction
	﻿Amplification of the 16 S rRNA gene V4 region, library preparation, and Illumina sequencing
	﻿Bioinformatic processing
	﻿Statistical analysis

	﻿Results
	﻿Effect of management on gut bacterial community composition of red deer
	﻿Effect of management on gut bacterial alpha and beta diversity pattern and heterogeneity of red deer bacterial microbiotas
	﻿Effect of management on differential abundance of bacterial taxa

	﻿Discussion
	﻿Captive red deer had a higher gut bacterial microbiota alpha diversity than their wild conspecifics
	﻿Free-living individuals had a higher beta diversity and hosted a more heterogeneous gut microbiome community than their captive counterparts
	﻿Free-ranging individuals harbored a higher abundance of specific bacterial taxa attributed to host health

	﻿Conclusions
	﻿References


