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Abstract

or reversible.

Background: Captivity presents extreme lifestyle changes relative to the wild, and evidence of microbiome
dysbiosis in captive animals is growing. The gut microbiome plays a crucial role in host health. Whilst captive
breeding and subsequent reintroduction to the wild is important for conservation, such efforts often have limited
success. Post-release monitoring is essential for assessing translocation success, but changes to the microbiome of
released individuals are poorly understood. The Tasmanian devil was previously shown to exhibit loss of
microbiome diversity as a result of intense captive management. This current study examines changes in the devil
gut microbiome in response to translocation and aims to determine if perturbations from captivity are permanent

Methods: Using 16S rRNA amplicon sequencing, we conducted temporal monitoring of the gut microbiome of
released devils during two translocation events, captive-to-wild and wild-to-wild. To investigate whether the
microbiome of the released devils changed following translocation, we characterized their microbiome at multiple
time points during the translocation process over the course of 6-12 months and compared them to the
microbiome of wild incumbent devils (resident wild-born devils at the respective release sites).

Results: We showed that the pre-release microbiome was significantly different to the microbiome of wild
incumbent animals, but that the microbiomes of animals post-release (as early as 3 to 4 weeks post-release) were
similar to wild incumbents. The gut microbiome of released animals showed significant compositional shifts toward
the wild incumbent microbiome of both translocation events.

Conclusion: Our results suggest that the devil gut microbiome is dynamic and that loss of microbiome diversity in
captivity can be restored following release to the wild. We recommend the broader application of microbiome
monitoring in wildlife translocation programs to assess the impacts of translocation on animal microbiomes.
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Background

Captive breeding and releases are commonly practiced
to support global conservation efforts for endangered/
threatened species [1-3], such as the California condor
(Gymnogyps californianus) [4], Arabian oryx (Oryx leu-
coryx) [5] and black-footed ferret (Mustela nigripes) [6].
In theory, the release of captive bred animals back into
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their natural habitats can help re-establish local extinct
populations, or supplement declining populations in the
wild. In practice however, reintroducing wildlife species
from captivity to the wild is often met with very little
success [7]. Despite efforts by zoos and captive institu-
tions to replicate an animal’s natural habitat, extreme
lifestyle changes in diet, environment and social struc-
tures, as well as veterinary interventions, are inevitable
in the artificial settings of captivity. In turn, such lifestyle
changes incurred in captivity can have multiple flow-on
effects on the host-associated microbiome.
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The study of the microbiome in wildlife species is still
relatively new and has potential to improve conservation
efforts. The microbiome, particularly the gut micro-
biome, has been shown to play an integral role in sup-
porting host health, nutrition, immune functions and
even behavior [8-12]. Disturbances to the typical gut
microbiome, or dysbiosis, can potentiate the onset or
development of various diseases, including diabetes
[13, 14], inflammatory bowel disease [15, 16], obesity
[13, 17], susceptibility to infections [18] and impaired
immunity [8, 10]. There is growing evidence that cap-
tivity alters the microbiome, with many species across
diverse taxa showing signals of perturbation and mi-
crobial diversity loss in captivity compared to their
wild counterparts (e.g. [19-22]). While the exact con-
sequences of microbiome perturbations on host health
and survival remain poorly understood, these findings
have implications for the way captive populations and
reintroduction programs are managed. It is conceiv-
able that an altered or depauperate microbiome may
have adverse impacts, and so impair their host sur-
vival following release to the wild, especially if they
are depleted of beneficial microbes. For example, the
gut microbiome of captive black howler monkeys
(Alouatta pigra) lacks microbes that produce butyrate
(such as Butyrivibrio spp.) in their gut microbiome,
which is thought to provide energy for mammalian
colon cells and has important health benefits [23]. In
the grouse (Tetrao urogallus), anatomical changes in
the gut, such as shorter small intestines and caeca
[24], as well as microbiome disturbances [25] have
been observed in captive individuals [25]. These
changes can compromise digestion and nutrient ab-
sorption and may explain the high mortality of cap-
tive birds upon reintroduction to the wild [24-26].
Importantly, different species vary in the way their
microbiome responds to changing environments. For
example, primates and carnivorous species tend to be
more susceptible to microbiome alterations in captiv-
ity compared to herbivorous species, whose micro-
biome generally remains stable [21, 22, 27, 28].

Another species that experiences microbiome pertur-
bations in captivity is the Tasmanian devil (Sarcophilus
harrisii, hereafter ‘devil’) [22]. The devil is the world’s
largest carnivorous marsupial, found only in the wild on
the island state of Tasmania, Australia. It is now listed as
endangered due to a transmissible cancer, devil facial
tumour disease (DFT1 and DFT2) [29, 30] that has deci-
mated most wild populations by up to 80% since its first
discovery in 1996 [31]. Conservation actions by the Save
the Tasmanian Devil Program (STDP) have included the
establishment of an insurance metapopulation in 2006
[32], the introduction of devils to another nearby island
(Maria Island) in 2012 and 2013 [33], and the reintroduction
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of devils back into wild sites on mainland Tasmania between
2015 and 2018 [34]. The primary goal of the insurance
metapopulation is to maintain a genetically robust and
healthy population of devils that will act as a source of ani-
mals for supplementing wild populations under threat.
There are currently over 700 devils in the insurance meta-
population, held in a variety of housing types from intensive
zoo-based captive facilities (intensive captive, housing 1 to 3
individuals per enclosure) to free-range enclosures (housing
10 to 20 individuals per 10 to 22 ha enclosure) to more wild
type settings with a fenced peninsula (30,000 ha) and an is-
land site on Maria Island (9600 ha) [32]. All sites are man-
aged to some extent under the metapopulation framework.
The population on Maria Island is home to approximately
100 free-roaming devils and is harvested annually as a
source of wild-born devils for reintroduction purposes [35].
(See Additional file 1: Table S1 for detailed site descriptions).

The gut microbiome of the devil was first character-
ized by Cheng et al. [22] in 2015 and captive devils were
shown to have significantly lower microbiome diversity
than wild devils. Interestingly, between the two captive
facility types, devils housed in intensive captive facilities
had lower diversity than devils housed in the free-range
enclosures. Although the exact effects of a depauperate
microbiome on devils remain largely unknown, a pos-
sible consequence is the associated increased risk of
obesity, as has been demonstrated in rodent models
[36], which could in turn lead to reduced breeding suc-
cess [22, 37]. As the insurance metapopulation is a
source of disease-free devils for reintroductions, it is im-
portant to understand how the microbiome will respond
to changes in the environment during translocations,
whether they be captive-to-wild or wild-to-wild.

In this study, we conducted the first temporal moni-
toring of the gut microbiome of an endangered carnivor-
ous species throughout two translocations events. Doing
so will help us better understand the temporal dynamics
of the host-associated gut microbiome, particularly in re-
sponse to translocation. We aimed to address: i) does
the microbiome change over time after the host is trans-
located, and if so, how? and ii) do released individuals
reacquire a “wild-type” microbiome after translocation?

Methods

Study populations, translocation events and sample
collection

In this study, we focused on two translocation events:
captive-to-wild translocation (from intensive captive to
Maria Island, 2017, N =8), and wild-to-wild transloca-
tion (from Maria Island to Stony Head, 2016, N =17).
During both translocations, devils were removed from
their respective source locations (intensive captive facil-
ities or Maria Island) and housed in free-range enclo-
sures (10-22 ha) for a period of 6 to 12 weeks prior to
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their final releases. Whilst in the free-range enclosures,
devils were fed a controlled diet consisting of whole car-
casses of marsupials including wallaby, pademelon and
brushtail possum [38]. (See Additional file 1: Table S1
for detailed site descriptions).

Pre-release faecal samples were collected at the source
locations by either the keeping or STDP field staff. Fae-
cal samples were also collected at the end of the free-
range enclosures period for the wild-to-wild transloca-
tion. Post-release trapping and monitoring of the release
animals for routine health checks was conducted across
two to three time points over a period of 8—12 weeks
post- release (See Fig. 1 for translocation timeline and
sampling points for the two translocations, and
Additional file 2: Table S2 for list of released animals
with their respective source locations and samples col-
lected). Thereafter, each release site (Maria Island and
Stony Head) was monitored annually through live trap-
ping and camera traps in order to assess the health sta-
tus of both the release and wild incumbent devils (the
term “wild incumbent” hereafter refers to resident wild-
born devils that inhabit the respective release site). PVC-
pipe traps baited with wallaby meat were set at the re-
lease site and surrounding areas [39]. Traps were
checked daily between 06:00 and 16:00. As devils are
nocturnal, captured devils spent no more than 12 to 22
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h inside the traps before being released. Captured devils
were identified by their unique microchip numbers and
faecal samples were collected opportunistically. All fae-
cal samples were collected from the traps, or hessian
sacks used during processing of the animals. As all traps
were cleaned after each animal, we can be certain of
which sample belonged to which animal. To prevent
sample degradation, all faecal samples were collected
within 22 h of defecation. Upon collection in sterile vials,
all samples were immediately stored at —20°C in the
field before transferring to the lab where they were
stored at —80°C until DNA extraction. Faecal samples
were also collected from wild incumbent devils captured
during all trapping trips following the same procedures
as described above. The PVC pipe traps were cleaned
and disinfected between each trapping trip using a qua-
ternary ammonium/biguanide veterinary disinfectant
(F10SC, Health and Hygiene (Pty) Ltd) to ensure that
there was no cross contamination between individuals.

DNA extraction, sequencing and analysis

To account for contamination, blank negative controls
consisted of PCR grade water were used at the DNA ex-
traction, PCR and library preparation and sequencing
steps. A sub-portion of sample taken from the core of
each faecal sample was used for microbial genomic

Captive to wild translocation
Maria Island release 2017

Pre-release FRE Post-release 1 Post-release 2

(Captivity) * (Maria Island) (Maria Island)
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12 3 5 6 7 8 9 10 11 12 13 14 15 ... 2425 26
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Release
Wild to wild translocation
Stony Head release 2016
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Fig. 1 Timeline of the two translocation events. a Captive-to-wild translocation (Maria Island release 2017). A total of 8 female devils from the
captive insurance population were released. Devils were kept in a free-range enclosure (FRE) for approximately 6 weeks prior to the release. b
Wild-to-wild translocation (Stony Head release 2016). Seventeen wild devils originating from Maria Island were translocated to Stony Head.
Release devils were housed in a free-range enclosure (FRE) for 12 weeks prior to the release. All faecal samples were collected opportunistically at
various time points throughout the translocation processes. Arrows represent time points at which faecal samples were collected
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DNA extraction using the QIAamp DNA Stool Mini Kit
(Qiagen).

Thereafter, barcoded amplicons of the 16S ribosomal
RNA (rRNA) gene V3-V4 region using the 341F (5'-
CCTAYGGGRBGCASCAG-3') and 806R (5'-GGACTA
CNNGGGTATCTAAT-3") primers were generated.
Briefly, PCR reactions consisted of a mix of 12.5pL
KAPA HiFi HotStart ReadyMix (Kapa Biosystems),
0.5 uM of each primer and 1 uL of DNA template were
used. Thermal cycling conditions were as follows: initial
denaturation at 95 °C for 3 min, followed by 35 cycles of
denaturation at 95 °C for 30s, annealing at 55 °C for 30
s, extension at 72°C for 30s and a final extension step
at 72 °C for 5 min. PCR products were subsequently nor-
malized and pooled using SequalPrep™ Normalization
Plate Kit (ThermoFisher) and libraries were purified
using Axygen® AxyPrep™ Mag PCR Clean-Up Kit (Fisher
Biotec) following the manufacturers’ instructions. Se-
quencing was performed on a MiSeq (llumina) platform
using a MiSeq Reagent kit v3 with a 2 x 300 bp run for-
mat at the Ramaciotti Centre for Genomics.

Sequences data was processed and analysed using the
QIIME2 (v2019.4) pipeline [40]. Demultiplexed paired-end
sequence reads were merged, quality filtered and denoised
into amplicon sequence variants (ASVs) using the DADA2
plugin [41]. Low abundance reads were also filtered out to
remove potential contaminants in the dataset.

Resulting feature tables were rarified using the minimum
number of sequences per sample for diversity analysis; i.e.
3838 sequences for the captive-to-wild translocation and
5530 sequences for the wild-to-wild translocation. Tax-
onomy was assigned to the ASVs by aligning to the latest
Silva 16S database (version 132). Alpha diversity was esti-
mated using the diversity metrics Chaol, number of ASVs
and Shannon’s diversity, and statistical significance was
assessed using the Kruskal-Wallis tests. Beta diversity was
estimated using the UniFrac metrics (weighted and un-
weighted) and visualized by principle coordinate analysis
(PCoA). PERMANOVA tests based on 999 permutations
were used to test for differences in microbial beta diversity
across sample groups (i.e. Pre-release, Post-release and wild
incumbent microbiome). Differential abundance testing was
performed using ANCOM implemented in QIIME2 [42].

Results

Samples were processed and sequenced in two runs.
(Run 1 consisted of samples from the wild-to-wild trans-
location and run 2 consisted of samples from the cap-
tive-to-wild translocation.). Sequencing resulted in a
total of 10,616,471 paired end reads (6,454,253 paired
end reads in run 1 and 4,162,218 paired end reads in
run 2). The number of sequences per sample ranges be-
tween 107,548 and 327,052 for run 1 and 31,448 to 206,
240 for run 2.
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Captive-to-wild translocation (Maria Island release)

Eight captive devils were translocated to Maria Island. A
total of 19 faecal samples were collected from five of the
eight captive released devils. Faecal samples were also col-
lected from seven wild incumbent devils trapped on the
Island, resulting in a total of 26 faecal samples for this
translocation (See Additional file 2: Table S2 for list of sam-
ples collected, their source locations and collection date).
Repeated samples from the same individuals collected at
the same time point (due to being trapped more than once
during the same trapping trip) were pooled for sequencing.
After merging paired-end reads, trimming and quality fil-
tering, a total of 298,942 sequences remained, with a mean
of 11,500 sequences per sample.

Overview of the gut microbiome

The most dominant bacterial phyla detected across all
samples collected from the Maria Island release were Fir-
micutes (32.84% *23.45% SD), Fusobacteria (32.44% +
23.35% SD), Proteobacteria (21.40% + 20.87% SD), Bacter-
oidetes (4.04% * 9.31% SD), Actinobacteria (0.03% * 0.08%
SD) and Tenericutes (0.65% + 1.07% SD). Consistent with
results from the initial microbiome characterisation [22],
the microbiomes of these samples were dominated by the
bacterial phylum Firmicutes and showed a high Firmi-
cutes-to- Bacteroidetes ratio (Fig. 2a). Under the Firmi-
cutes phylum, the dominant family detected was
Clostridiaceae (18.7% +19.3% SD). The most dominant
members of Proteobacteria detected were of the Entero-
bacteriaceae family. (See Additional file 3: Table S3 for
taxonomic composition of all microbiome samples from
the captive-to-wild translocation).

Temporal changes in the microbiome

As expected, the microbiome of Maria Island wild in-
cumbent devils had the highest phylotype richness
(alpha diversity by Chaol, number of ASVs and Shan-
non’s diversity), followed by the microbiome of the cap-
tive release devils at post-release and pre-release
(Kruskal Wallis p <0.05) (Fig. 2b). To examine whether
the gut bacterial communities of devils changed signifi-
cantly after release, we compared the beta diversity (un-
weighted UniFrac) between pre-release and post-release
samples. The average unweighted distance was 0.562 +
0.009. A PERMANOVA test based on 999 permutations
indicated a significant difference (p =0.001) between
pre- and post-release samples, with pseudo-F value of
2.751. Conversely, beta diversity (unweighted Unifrac)
between wild incumbent and post-release devils (at
either two- or six-months post-release) did not differ
significantly (p =0.550, pseudo-F value of 0.927), with
an average distance of 0.502 +0.01. PCoA plot of un-
weighted UniFrac (Fig. 2c) shows distinct separation be-
tween the pre-release microbiome and both post-release
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Fig. 2 Composition and diversity of gut microbiome of released (n =5) and wild incumbent devils (n =7) from the captive-to-wild translocation
(Maria Island release) at various time points. a Bar chart showing the phylum level composition of the gut microbiome; b Whisker-box plot
showing the gut microbiome alpha diversity (Chao 1) of released (n =5) and wild incumbent devils (n =7). Black horizontal lines are the median
values; the lower and upper bound of boxes represent the 25th and 75th percentiles, respectively; ¢ Principal coordinates analysis (PCoA) plot
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and wild incumbent microbiome, indicating significant
compositional changes after the release. Overlapping of
wild incumbent and post-release microbiomes indicates
a shift in the captive release microbiome towards the
wild incumbent microbiome within the first 6 months
following the release.

ANCOM analysis revealed five taxonomic features
(ASVs) that were significantly different in abundance be-
tween groups (See Additional file 4: Table S4 for ANCOM
analysis of differential abundance for the captive-to-wild
translocation). ASVs corresponding to the genera Myco-
plasma (phylum Tenericutes), Bacteroides (phylum Bac-
teroidetes) and Fusobacterium (phylum Fusobacteria)
were significantly more abundant in both post-release and
wild incumbent devils compared to devils before the re-
lease (pre-release). ASVs corresponding to various families
or genera in Proteobacteria, such as Enterobacteriaceae
and Acinetobacter, and Order Bacillales were most abun-
dant in the pre-release samples.

Wild-to-wild translocation (stony head release)

Seventeen Maria Island-originated devils were translocated
to Stony Head. A total of 41 faecal samples were collected,
including 36 samples from nine released devils and five
from five wild incumbent devils (See Additional file 2: Table

S2 for list of samples collected, their source locations and
collection date). Repeated samples from the same individ-
uals collected at the same time point were pooled for se-
quencing. After merging paired-end reads, trimming and
quality filtering, a total of 1,138,280 sequences remained,
with a mean of 27,101 sequences per sample.

Overview of the gut microbiome

The most dominant phyla across all samples were Firmi-
cutes (35.20% +21.78% SD), Fusobacteria (33.20% +
23.79% SD), Proteobacteria (21.40% * 16.48% SD), Bac-
teroidetes (3.90% + 8.62% SD), Tenericutes (2.70% +
551% SD) and Actinobacteria (0.70% +1.23% SD)
(Fig. 3a). Within Firmicutes, the most common bacterial
genus was Clostridium (14.6% +11.22% SD). Bacteria
from Fusobacteria were mostly from the genera Fusobac-
terium (23.7% +22.36% SD) and Cetobacterium (6.7% +
9.59% SD), while Proteobacteria was dominated by Ple-
siomonas (10.8% +11.27% SD) (See Additional file 5:
Table S5 for taxonomic composition of all microbiome
samples from the wild-to-wild translocation).

Temporal changes in the microbiome
Initial analysis comparing between the pre-release, free-
range enclosures and post-release 1 & 2 (1 month and 3
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months post-release respectively) microbiome of the
nine Maria Island originated devils showed that phylo-
type richness (alpha diversity) was the lowest in the
post-release samples, with significant differences in alpha
diversity found between free-range enclosures and post-
release (both post-release 1 and 2) samples (Kruskal-Wallis,
p <0.05) (Fig. 3b). Beta diversity analysis (unweighted Uni-
frac) revealed significant differences between post-release
samples (post-release 1 and 2) and both pre-release and
free-range enclosures samples (PERMANOVA, p =0.001),
with an average unweighted distance of 0.45 +0.003 be-
tween post-release and pre-release, and 0.51 +0.009 be-
tween post-release and free-range enclosures. Principle
coordinates analysis (PCoA) of the unweighted UniFrac

distance matrix shows that post-release samples are sepa-
rated from both pre-release and free-range enclosures sam-
ples, which form a cluster together (Fig. 3c). Principal
coordinates PC1 and PC2 together explained 18.87% of the
variation between individuals.

Three additional post-release samples collected ap-
proximately 1 year after the release in 2017 (Post-release
3) were included in subsequent analysis. Contrary to our
expectations, the microbial diversity in the gut micro-
biome of the released devils did not increase following
the release, as phylotype richness (alpha diversity) was
the lowest in all the post-release samples. Beta diversity
measured by both unweighted and weighted UniFrac
again revealed significant differences between samples
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from different time points (PERMANOVA, p <0.05).
Unweighted UniFrac PCoA plot shows clustering of pre-
release and free-range enclosures samples, while early
post-release samples (post-release 1 & 2) show a shift
away from this cluster and towards the wild incumbent
microbiome. The three microbiome samples collected 1-
year post-release (post-release 3) overlap with both the
early post-release (post-release 1 & 2) and wild incum-
bent samples, suggesting some degree of stability follow-
ing the initial shift shortly after the release (Fig. 3d).
ANCOM analysis detected three features (ASVs) with
significantly different relative abundance between time
points. ASV matching to an unclassified genus within
the Bacteroidaceae family and Edwardsiella spp. were
significantly more abundant in the free-range enclosures
samples compared to samples collected at all other time
points, while an ASV matching to Epulopiscium spp.
was in higher abundance in the pre-release group. (See
Additional file 6: Table S6 for ANCOM analysis of dif-
ferential abundance for the wild-to-wild translocation).

Discussion

Intensive captive management has altered the devil
microbiome, resulting in loss of diversity, particularly in
the gut [22]. This observation has prompted us to inves-
tigate whether such microbiome perturbations are per-
manent or can be reversed once the hosts are released
to the wild. Here we examined gut microbiome samples
collected from released devils over the course of two
translocations; i) captive-to-wild translocation (captivity
to Maria Island), and wild-to-wild translocation (Maria
Island to Stony Head). Our results showed that the devil
gut microbiome is not static as there were significant di-
versity and compositional changes across time for both
translocations. Increased microbial diversity was ob-
served in the captive devils released onto Maria Island.
Compositional shifts towards the wild incumbent micro-
biome occurred within 6 to 12 months of post-release in
both translocations, suggesting that the loss of micro-
biome diversity and perturbations previously observed
are not permanent.

Changes in gut microbiome from captive-to-wild are
similar to a previous study where a captive dugong (Du-
gong dugon) was released into the wild and subsequently
recaptured 8 months later. It was found to have a hind-
gut microbiome similar to those of wild subadult and
adult dugongs [43]. The microbiome shift was attributed
to exposure to natural conditions and foraging (from cos
lettuce fed in captivity to seagrass in the wild), as well as
interactions with wild dugongs. Similar factors associ-
ated with changes in diets and microbial exposures
through environmental and social contacts may also be
driving the post-release changes observed in the released
devils in our current study. Unlike the dugong study,
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which provided a snapshot of the post-release micro-
biome at a single time point, we investigated the tem-
poral variations of the devil gut microbiome across
multiple time points throughout the translocation
process. Doing so has allowed us to understand the
long-term temporal dynamics of the devil gut micro-
biome in greater detail. Of note, short and long term
temporal fluctuations in the gut microbiome of mam-
mals living in the wild are not uncommon, as seen in
field mice [44], and red squirrel [45].

Interestingly the wild-to-wild translocation (Stony
Head release) results do not reflect an increase in micro-
biome diversity post-release. At this site, there was a loss
of microbial diversity post-release, regardless of the
number of months that had passed since the release oc-
curred. This can be potentially attributed to the origin of
the devils used in the Stony Head translocation. Al-
though not native to the island, devils living on Maria Is-
land are free roaming and are considered wild [33].
When comparing the wild incumbent microbiome of
Stony Head devils to Maria Island devils, the Maria Is-
land animals have a higher microbial diversity, although
this is not statistically significant (Kruskal-Wallis test,
p >0.05). This higher microbiome diversity may reflect a
wider range of food sources available on Maria Island,
including wallabies, insects, birds and other marine spe-
cies such as penguins, shearwater and fish. Stony Head
on the other hand is a more homogeneous landscape,
being an inland site occupied by mostly farmland and a
military base. Potential food sources at this location may
not be as varied as Maria Island hence reducing micro-
biome diversity. Nevertheless, the microbiome of re-
leased devils at post-release became more similar to the
wild incumbent microbiome, specifically in relation to
the acquisition of Tenericutes and Actinobaceteria, both
of which were previously missing or in much lower
abundance in the pre-release microbiome (Fig. 3a).
However, we also found that some members of the
microbiome, such as Bacteroidetes, persisted at post-re-
lease despite not being present in the wild incumbent
microbiome (Fig. 3a). This wild-to-wild translocation
therefore shows that at post-release, the microbiome of
released devils gained some novel microbes and shifted
towards the wild incumbent microbiome, while still
maintaining certain microbes that are not found within
the wild incumbent community. In addition, we only
found a limited number of microbial features (no more
than five) that were in significantly different abundances
between groups for both translocations. The persistent
occurrence and abundance of most bacteria therefore
likely represent the devil core gut microbiome. Further-
more, our small sample size may have also contributed
to the low number of features with differential abun-
dance across groups.
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The general shift in the post-release microbiome to-
wards the wild incumbent microbiome observed here
suggests some level of host-host and host-environment
microbiome sharing is occurring, in line with similar ob-
servations from previous studies in domestic dogs
(Canis lupus familiaris) [46] and komodo dragons (Var-
anus komodoensis) [47]. This demonstrates that the devil
gut microbiome is dynamic and subject to changes that
are likely driven by environmental factors, such as diet.
For example, higher proportions of Mycoplasma and
Tenericutes in both the wild incumbent and post-release
devil microbiome on Maria Island compared to the pre-
release microbiome of the captive release devils are
likely due to increased access and consumption of fish
and other marine species on the island. Mycoplasma
bacteria has been commonly observed in many marine
species including fish and molluscs [48—51]. Members of
this phyla often dominate the gut microbiome of fish,
with Tenericutes contributing to 18 and 82% of the se-
quences retrieved from the guts of two king mackerel
specimens [52]. Indeed, devils on the island are often
observed eating fish that have been washed up on the
beach (P. Wise, personal communication, June 2018).
Furthermore, social interactions between the release and
wild incumbent devils during feeding and mating also
likely contributed to the observed microbiome sharing
and shift towards the wild incumbent microbiome.

Previously, devils have been found to have high preva-
lence of Firmicutes (53.5 £ 3.9%) and very low prevalence
of Bacteroidetes (1.2 +0.6%) in their gut compared to
most other mammalian species [22]. A high ratio of gut
Firmicutues to Bacteroidetes is common in carnivorous
mammals [22, 53] and has been linked to improved effi-
ciency in harvesting energy from food. From the wild-
to-wild translocation (Stony Head release), we observed
a significant increase in the proportion of Bacteroidetes
at the end of the free-range enclosures period (23.56% in
free-range enclosures vs. <1.34% in Pre-release and all
Post-release). The reason behind this significant increase
in Bacteroidetes and hence changes to the F:B ratio at
the end of the free-range enclosures period is unclear
but may reflect changes in the pattern of food intake by
devils whilst being housed in the free-range enclosures.
Devils in the wild often gorge up to 40% of their body
mass in a single meal and then do not eat for several
days due to limited food sources [54]. The need to effi-
ciently harvest and store energy from food is likely less-
ened under the more relaxed environment of a free-
range enclosure, where animal carcasses (e.g. wallabies,
possums and pademelons) are put out for the devils at
feed stations on a regular (two to three times per week)
basis [38].

For all wildlife species, management of host-associated
microbiome in captivity is important and management
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strategies should be implemented to minimise micro-
biome perturbations in the first place. This can be
achieved through provision of more natural and diverse
diets, increased microbial reservoirs in housing enclo-
sures and by minimising antibiotic use. Future studies
should focus on determining the health consequences, if
any, of microbiome perturbations as a result of captivity.
There has also been evidence suggesting that long-term
managed species with multiple generations in captivity
experience greater microbiome changes and may there-
fore be less capable of reacquiring wild-type microbiome
[55, 56]. Understanding the effects of birth origin and
the number of generations in captivity on host-associ-
ated microbiome could have important implications for
the captive management of wildlife species. Furthermore,
in light of the significance of the Devil facial tumour dis-
ease (DFTD) on wild devil populations, future studies
should compare the microbiome between infected and
healthy devils to better understand the interplay between
DFTD and microbiome health. Given the close link be-
tween the microbiome and host immunity, it is possible
that immunosuppression due to DFTD infection [57]
may cause considerable changes to the microbiome.

Conclusions

To the best of our knowledge, this is the first study that
has systematically investigated the temporal changes of
the host gut microbiome during translocations of a wild-
life species. We have shown that a carnivorous species’
microbiome perturbations from captivity are not neces-
sarily permanent, and that translocating animals regard-
less of their source locations, results in acquisition of the
wild incumbent, or resident microbiome. We recom-
mend conservation practitioners to incorporate micro-
biome monitoring as part of their species recovery
programs and post-release monitoring to assess the im-
pacts of translocation on animal microbiomes and
understand its implication in translocation success.
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