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Insufficient prey density is a major factor hindering the recovery of the
Amur tiger (Panthera tigris altaica), and to effectively restore the Amur
tiger, red deer (Cervus elaphus) was released into the Huangnihe National
Nature Reserve of Northeast China as the main reinforcement. Differences
in feeding and synergistic changes caused by the intestinal microbial
communities could impact the adaptation of wildlife following reintroductions
into field environments. We analyzed the foraging changes in shaping the
intestinal microbial community of the red deer after being released to the
Huangnihe National Nature Reserve and screened the key microbial flora
of the red deer when processing complex food resources. The feeding and
intestinal microbial communities of the red deer were analyzed by plant
Deoxyribonucleic acid (DNA) barcoding sequencing and 16S rRNA high-
throughput sequencing, respectively. The results showed that there were
significant differences in food composition between wild and released groups
[released in 2019 (R2): n = 5; released in 2021 (RO): n = 6]; the wild group
fed mainly on Acer (31.8%) and Abies (25.6%), R2 fed mainly on Betula (44.6%),
RO had not formed a clear preferred feeding pattern but had certain abilities
to process and adapt to natural foods. Firmicutes (77.47%) and Bacteroides
(14.16%) constituted the main bacterial phylum of red deer, of which, the
phylum Firmicutes was the key species of the introduced red deer for
processing complex food resources (p < 0.05). The wild release process
significantly changed the intestinal microbial structure of the red deer, making
it integrate into the wild red deer. The period since release into the wild may be
a key factor in reshaping the structure of the microbial community. This study
suggested that the intestinal microbial structure of red deer was significantly
different depending on how long since captive deer has been translocated.
Individuals that have lived in similar environments for a long time will have
similar gut microbes. This is the adaption process of the wildlife to natural
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environment after wild release, taking into account the gut microbes, and the
feeding changes in shaping microbial communities can help introduced red
deer match complex food resources and novel field environments.

red deer, introduction, dietary, gut microbes, adaptation

Introduction

Wildlife reintroductions and translocations are important
conservation methodologies, and conservation translocation is
the intentional movement and release of living organisms
within or outside their indigenous range to improve
the conservation status of the focal species (IUCN/SSC,
2013). Effective introduction can increase the number of
endangered animals and avoid extinction in the wild. The
red deer (Cervus elaphus) is a typical forest-inhabiting
China

ecological status in the forest ecosystem (Wang, 1998).

mammal in northeast and has an important
However, due to logging before the 1980s and frequent
human activities, the distribution range of red deer had
been gradually shrinking, and the population number
had decreased by > 70% at the end of the last century
(Xu et al, 2000). The decline in red deer abundance not
only affects the health and stability of the ecosystem but
also impacts the recovery of large carnivores, especially
the Amur tiger (Panthera tigris altaica) (Sun, 2015; Gu
et al, 2018). Reduced deer abundance is an important
limitation for Amur tiger recovery (Soh et al, 2014;
Qi et al, 2015; Niu et al, 2021). Therefore, from the
perspective of protecting the red deer, and the perspective
of increasing the prey density of the Amur tiger, the
population reinforcement of red deer has practical biological
conservation significance.

Conservation translocations from captivity to the wild
force animals to confront new environment and process new
food resources. The study on the adaptability of introduced
sika deer (Cervus nippon) has found drastic changes in
food composition in the early stage of releasing period, and
the stabilized feeding habits gradually formed in the late
stage of releasing period and were similar to the natural
populations (Shi, 2016). Released sika deer gradually change
from opportunistic random feeding to selective feeding,
which is the process of feeding adaptation of sika deer to
the natural environment. In translocation of captive-bred
North-African houbara bustards (Chlamydotis
undulata), the released individuals had good adaptability to

undulata

natural diets with similar food composition to wild groups
(Bourass and Hingrat, 2015). However, the reintroductions
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and translocations for conservation purposes often have
a lower success rate (Fischer and Lindenmayer, 2000;
Mathews et al, 2005; Jule et al, 2008), and any feeding
disorder may lead to the failure of released works. It is
necessary to study the adaptability of released animals to
food in the natural environment, and this is what the [UCN
guidelines of reintroductions and translocations advocate
(TUCN/SSC, 2013).

The gut microbiome of wildlife is not only closely
related to the requirements of nutrition and health but
also affected by food and habitats (Ley et al, 2008; Wei
et al, 2019). Animals living in different habitats have
different intestinal flora with different diets (Rothschild
et al, 2017; Li et al, 2021; Xia et al, 2021). Animals
have to adapt to changes in habitats and food after
introduction, which can lead to synergistic changes in
the gut microbiome. The feeding composition of wooly
monkeys (Lagothrix  lagothricha)
after they were released into the wild, and the microbial

changed significantly
structure and function were reshaped to varying degrees
within days after release (Quiroga-Gonzalez et al, 2021).
The effects of food and habitat on gut microbes can also be
found in captivity. Compared to the captive individuals,
of
Przewalski’s horses (Equus ferus) changed significantly (Li

the feeding and microbial communities introduced
Y. et al, 2019). Numerous studies have been conducted
on the gut microbiota of wild and captive animals, and
it has been proven that captive environments contribute
to differences in food and microbial communities (Guan
et al, 2017; Li et al, 2017). It follows that food and the
environment can drive changes in the gut microbiome. For
the released red deer, the gut microbiome is likely to play
an important role, especially in the adaption to complex
survival conditions and food resources in the wild. Currently,
the distribution and the differences related to the microbial
community between the introduced and the wild red deer
are not clear, and the factors driving the changes in gut
microbes are still unknown; the ecological role played by
intestinal microbiota in the wild release process needs to
be further studied, and the complex mechanism between
needs

red deer-environment-intestinal microorganisms

to be explored, which will provide a theoretical reference
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for the in-depth development of wild introduction of
red deer.

Considering the ecological status of the red deer, it is
being released into Huangnihe National Nature Reserve of
Northeast China as the main population reinforcement to
restore the red deer population and contribute to the recovery
of the Amur tiger.

By analyzing and comparing the feeding composition and
the gut microbial structure and function between the wild
populations and the introduced populations, we explored (1) the
feeding patterns of red deer under different release periods; (2)
the diet-induced microbial distribution of introduced red deer;
(3) the mechanism of adaption of the introduced red deer to the
environmental changes based on gut microbes.

Materials and methods

Study area and fecal sample collection

Huangnihe National Nature Reserve is located in the
south of Zhangguangcai Mountain in northeast China, with
an area of 583.42 km?. In the early twentieth century,
the red deer was widely distributed in the Huangnihe but
subsequently declined, the habitat of red deer was lost and
fragmented due to logging and poaching, and the red deer
population was estimated to be < 10 inds (which is 0.013
density across 580 km?). With protection efforts since the
1990s, the population of red deer recovered but densities
remain unviable and too low to support tiger recovery (< 25
inds, which is 0.043 density across 580 km?). With at least
two Amur tigers living in this reserve, the recovery of
red deer is urgent.

To promote the red deer recovery, from 2019 to 2021, we
released 11 captive red deers with GPS collars in Huangnihe.
The individuals released in 2019 were defined as the R2 group
(n = 5), and those released in 2021 were defined as the RO
group (n = 6). Before wild release, the red deer of the R2
and RO groups were in captivity and fed on a mixture of corn
residue, soybean meal, wheat bran, corn stover, and hay, more
detailed information related to the released individuals is shown
in Supplementary Table 1. In addition, samples were collected
from the remnant wild red deer population (n = 5 sampled
individuals; see below), which were defined as the Wild group.

Fresh fecal samples were collected in December 2021. R2
and RO groups were tracked based on the real-time data of
GPS collar, and samples of Wild ones were collected outside
the area of R2 and RO (Figure 1). We collected only fresh feces
attached to the surface of the snow, picked up the fecal pellets
using disposable sterile gloves, and immediately stored them in
a sterile cryopreservation tube, labeled them and frozen them
in liquid nitrogen, and located them using handheld GPS. After
sampling, it was transported to the laboratory and placed in an
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ultra-low temperature freezer at -80°C. A total of 16 red deer
(R2 Group, n = 5; RO Group, n = 6; Wild Group, n = 5) were
identified from 62 samples using 10 microsatellites (Tian, 2021).
The sampling covered all the individuals of R2 and R0, and more
than 10% of the wild red deer population in Huangnihe.

Deoxyribonucleic acid extraction and
amplification

Plant deoxyribonucleic acid (DNA) and bacterial microbial
DNA were extracted using the OMEGA Soil DNA (D5625-02)
(Omega Bio-Tek, Norcross, GA, USA) kit, and the extracted
plant DNA was judged by molecular size determination by 0.8%
agarose gel electrophoresis (DYY-6C, Beijing), and DNA was
quantified using Nanodrop (NC2000 USA).

The Plant rbcL Gene selected chloroplast rbcL gene regions
of about 260 bp in length for sequencing. PCR amplification was
performed using chloroplast rbcL gene-specific primers, Z1aF
(5'-ATGTCACCACCAACAGAGAACTAAAGC-3") and hp2R
(5'-CGTCCTTTGTAACGATCAAG-3). A unique barcode
sequence, which is an oligonucleotide sequence of 7-10 bases,
is added to the pre-primer to distinguish between different
samples in the same library. The PCR uses NEB Q5 DNA
high-fidelity polymerase, and the amplification system and
procedure are shown in Supplementary Table 2.

The bacterial project sequenced the highly variable V3-V4
regions of the 16S rRNA gene at a length of about 468 bp. The
PCR amplification selected bacterial 16S rRNA V3-V4 region-
specific primers, 338F (5'-ACTCCTACGGGAGGCAGCA-3')
and 806R (5-GGACTACHVGGGTWTCTAAT-3'). A unique
barcode sequence, which is an oligonucleotide sequence of 7-
10 bases, is added to the pre-primer to distinguish between
different samples in the same library. The PCR uses NEB
Q5 DNA high-fidelity polymerase, the system is shown in
Supplementary Table 3.

Library generation and sequencing

The library was built with the TruSeq Nano DNA LT
Library Prep kit. First, end Repair Mix2 was used to excise the
protruding base at the 5" end of DNA, completed the missing
base at the 3’ end, added a phosphate group at the 5" end, then
added a separate A base at the 3" end of the DNA, added a linker
with specific labels, then amplified the DNA fragments of the
upper linker and purified the PCR system using BECKMAN
AMPure XP beads, and finally made the final fragment selection
and purification of the library by 2% agarose gel electrophoresis.

NovaSeq 6000 SP Reagent kit (500 cycles) was utilized on
an Illumina NovaSeq machine for 2 x 250 bp double-ended
sequencing. First, diluted the library (Index non-repeatable)
gradient to 2nM, and then mixed the samples in proportion to
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A map showing the location of the individuals of the three groups; colors represent different groups.
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the required amount of data. The mixed library was denatured

into a single chain by 0.1N NaOH for sequencing.

Plant data processing

The original sequence data of the plant part was decoded
using the demux plugin, the cutadapt plugin was used

Frontiers in Microbiology

to excise the primer, and then the sequence was spliced
using the Vsearch’s fastq_mergepairs module. The fastq_filter
module was used to quality control the stitching sequence.
The derep_fulllength module was used to remove duplicate
sequences. The deduplication sequence was clustered using
the cluster_size module at the 98% similarity level and the

chimera was removed using the uchime_denovo module. The
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perl script! was then used to filter the chimeras in the sequence
set after quality control to obtain high-quality sequences. The
nt (2020.02 download)? database in NCBI was used to annotate
to compare the representative sequence with the reference
sequence in the database to obtain the taxonomic information.

Bacterial data processing

The original sequence data of the microbial part was
decoded using the demux plug-in, and the qiime cutadapt
trim-paired was called to excise the primer fragment of the
sequence and discarded the sequence of the unmatched primer.
Then, DADA2 was called through qiime dada2 denoise-paired
for quality control, denoising, stitching, and de-chimerization
to obtain high-quality sequences. The ASV clustering was
performed by using 100% sequence consistency as the clustering
criterion, and the ASV feature sequence was compared with the
reference sequence in the database by the Greengenes database
(Release 13.8)° to obtain the taxonomic information.

Statistical analysis

The PcoA analysis was used to describe the discreteness of
feeding between the Wild, R2, and RO groups. The difference in
feeding preference between the Wild, R2, and RO groups was
compared using t-tests; the variance homogeneity was tested
using Levine’s test, and if the test results contradicted the null
hypothesis that the variance satisfies homogeneity, the Kruskal-
Wallis rank test was chosen for inter-group comparison.
A rarefaction curve based on the Shannon diversity index
was performed to evaluate whether the sequencing depth
met the requirements of the study and analysis. The PCoA
analysis was performed to describe the degree of dispersion
of fecal microbial structures in the Wild, R2, and RO groups.
The ANOSIM analysis based on Bray-Curtis distance metrics
was used to further show the differences between groups
and used random forest analysis to sort the importance of
microbes with differences in abundance between groups, and
screened the most critical phylum that leads to microbial
structural differences between groups. The effect of feeding
on the microbial structure of red deer feces was described
by the PCoA-envfit analysis (different plant feeding ratios
were added as environmental variables to the unconstrained
coordinate axis), and the quantitative relationship between
the proportion of plants fed by red deer and the microbial
abundance of fecal feces was quantitatively analyzed using the
Spearman Rank correlation analysis. Function clustering was

1 https://github.com/torognes/vsearch/wiki/VSEARCH-pipeline
2 https://www.ncbi.nlm.nih.gov/home/download/

3 http://greengenes.secondgenome.com/
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carried out by PICRUSt2 function prediction to determine
the main metabolic pathways of fecal microbes. The PCoA
analysis was performed to detect differences in microbial
function between groups and to examine metabolic pathways
with differences between groups by t-tests. The statistical
analysis was done on the R platform, and the significance
criterion was p < 0.05, and the very significant criterion was
p <0.01.

Results

Food composition

There were large differences in the composition
and proportion of the main foods in the three groups
(Figure 2A), of which the main food components of the
Wild group included Acer (31.8%), Carya (6.3%), Rubus
(3.2%), and Actinidia (1.3%). The main food components
of the R2 group included Carex (6.3%), Quercus (5.3%),
Filipendula (5.1%), Thelypteris (3.8%), Physocarpus (3.6%),
Salix (3.3%), Ulmus (2.5%), and Juncus (1.8%). The main
food components of the RO group included Physocarpus
(17.0%), Acer (9.7%), and Actinidia (1.1%). The same
foods among three groups included Abies (Wild = 25.6%,
R2 = 7.8%, RO = 2.6%) and Betula (Wild = 12.5%, R2 = 44.6%,
RO = 17.6%).

PCoA analysis showed that the samples in the group
were relatively concentrated and the samples between the
groups were relatively discrete, indicating that the individuals
in the group ate more similarly than the individuals between
the groups (Figure 2B). Comparing the feeding composition
between groups, the differences between Acer, Thelypteris,
Actinidia and Filipendula were found significant between the
Wild group and the R2 group (p < 0.05), and Quercus, Actinidia
and Filipendula were significantly different between the R2
group and the RO group (p < 0.05), and Abies was significantly
different between the Wild group and the RO group (p < 0.05,
Figure 3).

Sequencing analysis and clustering

Based on 16S
technology, 1,195,310 high-quality sequences were obtained,

rRNA  high-throughput sequencing

with an average sequencing amount of 74706.9 and an average
sequence length of 411.6. To determine whether the sequencing
depth was sufficient for subsequent analysis, a rarefaction
analysis was performed based on the Shannon diversity index,
and the results showed that with the increase of the sequencing
amount, the curve gradually flattened out and no longer rose,
indicating that the sequencing depth met the requirements of
subsequent analysis (Supplementary Figure 1).
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FIGURE 2
The feeding composition and structure of Wild, R2, and RO groups. (A) A stacked bar graph based on the abundance of different plant genera.
(B) The 3D PCoA plot of feeding composition based on Bray-Curtis distance metrics.

Acer Abies Actinidia
084 P=0013 p=0.018 0.1001  p=0.013
0.6 1 S
1;1
0.6' |+| o 0075 1 '+| o
0.4
0.4+ 0.0501
[ ]
0.2
0.2+ R . 0.025
o2
0.0 = 0.0 o &N | 0.000{-=e o pme
wild R2 RO wild R2 RO wild R2 RO
Filipendula Thelypteris Quercus
p =0.007 0257 p=0.0M1 03] p=0.029
* l;l
! ' 0.20 |
0.101 . *k . .
[ ] p
0.15 | 02
0.05- 0.10 |
014 =3 Wild
0.05 | . g R2
0.00 {see— cme | 000 |wve Bl e | 0.0 Jewae T oeer =L

Wild R2 RO Wwild R2 RO Wild R2 RO

FIGURE 3
Difference in the proportion of plants consumed between three groups (p < 0.05) Colors represent different groups. * represents significant and
** represents very significant.

A total of 29,649 ASVs were obtained by clustering ASV's 1,197 ASV's between groups. Annotation based on ASV, 29,649
with 100% consistency, including 7,222 ASVs in the Wild group, ASVs belonged to 22 phyla, 48 classes, 87 orders, 157 families,
7,843 ASVs in the R2 group, 13,387 ASVs in the RO group, and and 287 genera (Supplementary Figure 2).
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Comparison of overall microbial
composition and differences

of the
in the Huangnihe were mainly composed of Phylum
(77.47%), Bacteroidetes (14.16%), followed
(5.75%; Supplementary Figure 3).
At the the > 1% of the
genus were  Pseudomonadaceae_Pseudomonas  (5.23%),
Roseburia (3.24%), Oscillospira (3.17%), 5-7N15 (2.97%),
Ruminococcaceae_Ruminococcus (2.57%), CF231 (2.36%), and
Dorea (1.57%; Supplementary Figure 4).

The results of the PCoA analysis showed that the fecal
microbial structure in the R2 group has some similarities

The gut microbial communities red deer
Firmicutes
by Proteobacteria
abundance

genus level,

with that in the wild group, while the microbial communities
in the RO were quite different (Figure 4A). The ANOSIM
analysis further showed the significant microbial differences
between groups (Wild vs. RO: R = 0.419, p = 0.013; R2 vs. RO:
R=0.451, p = 0.005; Supplementary Table 4). Through random
forest analysis, it was found that the microbes of Firmicute
and Proteobacteria had significant differences in abundance
between the three groups (Importance > 0.1), which were
the main phyla causing differences in microbial communities
between groups (Figure 4B). YRC22, Faecalibacterium, and
Anaerostipes were the main genera responsible for differences
in microbial communities between groups (Importance > 0.04;
Figure 4C).

Relationship between feeding and the
gut microbial communities

The results of the PCoA-envfit analysis showed that
the species of feeding plants had a significant influence
on the microbial structure; Abies, Carya, and Acer had a
significant influence on the microbial community structure
of the Wild group, and Betula, Quercus, Salix, Ulmus,
Filipendula, Juncus, Carex, and Thelypteris had a significant
influence on the microbial community structure of the R2
group, and Actinidia and Physocarpus had a significant
influence on the structure of the RO microbial communities
(Figure 5A).

The results of the Spearman Rank correlation analysis
showed that the feeding was mainly related to the abundance of
Firmicute, and the feeding intensity of Betula and Quercus had a
very significant positive correlation with Firmicute (p < 0.01),
and the feeding intensity of Filipendula was significantly
positively correlated with the Phylum Firmicute (p < 0.05;
Figure 5B). At the genus level, Roseburia, Oscillospira, and
Clostridiaceae_Clostridium were positively correlated with the
main food components of Betula, Acer, Quercus, etc. (p < 0.05),
which might be potentially important microbial communities
for handling complex food resources (Figure 5C).
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Comparison of microbial functions
between groups

PICRUSt2 function prediction was performed on gut
microbial communities, metabolism into the most important
pathways for microbial clustering (77%), including amino
acid metabolism (17.3%), carbohydrate metabolism (17.0%),
metabolism of cofactors and vitamins (15.8%), and metabolism
of terpenoids and polyketides (12.7%) made up its most
dominant secondary pathway (Figure 6A).

PCoA analysis found that microbial function clusters were
more similar between the R2 and RO groups, while microbial
function clusters were more different from those in the Wild
group (Figure 6B). To further explore the differences in
microbial function between groups, the difference analysis of
metabolic pathways between groups was performed, and it
was found that the carbohydrate metabolism pathway and
nucleotide metabolism pathway were significantly different
between the Wild group and the RO group (p < 0.05), and the
RO group was significantly higher than the Wild group. The
metabolism of other amino acids pathway differed significantly
between the R2 group and the RO group (p < 0.05), and the RO
group was significantly higher than the R2 group (Figure 7).

Discussion

This study compared the feeding habitats and gut microbes
of wild and reinforcement red deer in the Huangnihe National
Nature Reserve. The feeding patterns of red deer between
the wild and reinforced populations and the synergistic
relationship with the gut microbes were analyzed, and it was
proved that there were different feeding strategies between
the wild population and the introduced populations. The
microbial communities made corresponding changes to adapt
to feeding. To a certain extent, the wild release reshaped
their gut microbial structure and made it integrate into the
direction of the wild population. The period since release
into the wild is the key factor in reshaping the structure of
the intestinal flora. The microbial communities play a key
role in the adaptation of introduced red deer to the natural
environment, especially in ensuring the nutritional supply of
introduced red deer and improving the adaptability to complex
environmental conditions.

Supplementary feeding was set up within Huangnihe to
help them endure the winter with less food. However, the
feeding preferences between R2 and RO were different, and no
artificially supplied food ingredients, such as corn flour (Zea
mays) and hay, were found in the food composition of the
three groups. While sampling in the field, we did not find
red deer footprints around the feeding site, indicating that
introduced individuals did not have a great dependence on
supplemental foods. Considering that the main components of
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whole dataset to describe the microbial structure between different groups. (B) The random forest analysis indicated the target microbial
phylum with differences between groups. (C) Target microbial genus with differences.
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The relationship between feeding plants and gut microbes. (A) The PCoA plot based on environment variables fitted to the unconstrained
coordinate axis; dots represent the microbial community, arrows represent plant species, dot color represents different groups. (B) Microbial
phylum associated with feeding. (C) Microbial genus associated with feeding.

food components of introduced red deer were natural foods, and
the foods may not be a limiting factor in winter due to a small
number of red deer, we infer that introduced red deer should
have a certain adaptability and processing capacity to natural

food resources. It could be seen from the feeding patterns that
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the Wild group has formed a specific feeding strategy adapting
to the natural environmental conditions, showing a preference
for Acer and Abies, while the R2 group, which has been released
for 2 years, has a strong preference for Betula. When sampling,

we found the vegetation type in the R2 group habitat was mainly
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Betula-Quercus Forest and Betula-Abies forest. We speculated
that the preference for Betula was related to its availability and
palatability. RO has just been released to the wild, their diets
were more mixed, and the types of feeding plants were as high
as dozens of genera, a nutritional strategy with a pronounced
feeding preference for one or more plants similar to the Wild
and R2 groups have not yet been formed.

Food can directly affect the intestinal microbial community,
while the intestinal microbiome plays an important role in
host nutrition (Ley et al,, 2008; Wu et al, 2017; Li G. et al,
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2019; Huang et al, 2021). We demonstrate the role of diet
in shaping the intestinal microbial community in wild and
released red deer in northeast China. According to the results
of PCoA-envfit analysis, it could be seen that plant species
directly performed impacts on the microbial structure, and
the proportion of feeding mainly affected the abundance of
Firmicutes. For introduced red deer, the gut microbiome
adapted to changes in food resources and the environment by
adjusting the microbial structure and increasing the abundance

of some microbial communities related to food digestion,
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such as phylum Firmicutes, genera Roseburia, Oscillospira, and
Clostridiaceae_Clostridium. The phylum Firmicutes carries a
large number of enzymes encoding genes for energy metabolism
and can produce a variety of digestive enzymes to help the
host degrade various substances in food, such as structural
and non-structural carbohydrates (Middelbos et al., 2010; Zhao
et al, 2018). In addition, the genera Roseburia, Oscillospira,
and Clostridiaceae_Clostridium belonged to the Firmicutes, and
are important bacteria that ferment complex carbohydrates and
play an important role in the metabolism of nutrients, such as
carbohydrates and fats (Konikoff and Gophna, 2016; Tamanai-
Shacoori et al., 2017; Diether and Willing, 2019). It is worth
noting that although feeding led to some differences in microbial
community between groups, the microbial structure in R2
was closer to the wild, which indicated that there were other
factors affecting the microbial structure in addition to food.
Environmental factors are known to play a more important
role in shaping the structure of the gut microbiota (Jin et al,
2021; Gacesa et al., 2022). In this study, R2 experienced a long
field adaptation period, and RO had just been released into the
wild from the captive environment. The R2 group and the Wild
group lived in similar environments for a long time, resulting in
the transformation of the microbial structure of the R2 group to
more similar to the Wild group. This was significantly different
from the microbial structure of the RO group.

It was worth noting that the functional pathway
composition of the R2 group and the RO group in the
study were more similar, which were very different from the
Wild group, and the results of microbial functional clustering
were exactly opposite to the microbial structure. On the one
hand, changes in the microbial composition and structure
did not necessarily lead to changes in their functions, and
different microbial communities might perform similar or
same functions (Phillips et al, 2017). On the other hand,
the microbial functions of introduced populations might be
more stable. The study of Tibetan wild ass (Equus kiang)
showed that the captive ass exhibited relatively stable microbial
function in the face of changes in food and the environment
(Gao et al,, 2020). We speculated that because both R2 and
RO of red deer were captive-bred animals before release, their
microbial function might not change easily, and changes in food
and environment did not have a significant impact on their
microbial function. By comparing the differences in functional
abundance between groups, it was found that the abundance
of carbohydrate metabolism, nucleotide metabolism, and
metabolism of other amino acid pathways of the RO group
was significantly higher than those of the other two groups.
Most of the food components of plant-eating animals are plant
cell wall polysaccharides, the host itself does not have the
enzyme to digest polysaccharides, while the gut microbiome
can degrade the resistant starch and non-starch polysaccharides
in plants, using them as carbon sources and energy sources for
themselves and the host (Gill et al., 2006; Flint et al., 2012).
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The carbohydrate metabolism pathway formed an important
metabolic pathway for the RO group, helping to process complex
food resources in the natural environment. Dietary proteins
and their metabolite amino acids are essential nutrients for
organisms, gut microbes can mediate protein metabolism
and host immune responses, and are widely involved in the
metabolism and utilization of nitrogen nutrients (Oliphant
and Allen-Vercoe, 2019; Zhao et al, 2019), and elevated
metabolism of other amino acids pathways might be associated
with crude proteins in plants. Purine nucleotides are important
energy substances in the body, of which ATP is a direct energy
source for bone contraction (Witte and Herde, 2020), and
nucleotide metabolism might be associated with the treatment
of complex environmental conditions and the maintenance of
body temperature in winter.

Conclusion

This study provides an understanding of the adaption
process of captive red deer translocated into the wild as
part of a conservation reinforcement with regard to the
role of the gut microbial community in coping with foods
and the environment. In summary, introduced individuals
of red deer in Huangnihe have a certain ability to process
natural foods and adapt to novel field environments, and the
wild environmental conditions have reshaped the intestinal
microbial structure of introduced individuals so that the
microbial structure is integrated into the wild population.
The phylum Firmicutes and multiple genera could help
introduced red deer cope with complex food resources
in the wild, ensuring their nutritional supply of them
and getting rid of the influence of artificial supplementary
feeding, improving their health, and greatly increasing the
effectiveness of adaption.

Data availability statement

The datasets presented in this study can be found in
online repositories. The data of plant rbcL gene presented
in the study are deposited in: https://www.ncbi.nlm.nih.gov/,
accession number PRJNA861951. The data of 16S rRNA gene
presented in the study are deposited in: https://www.ncbi.nlm.
nih.gov/, accession number PRJNA861708.

Ethics statement

Ethical review and approval was not required for the
animal study because we just selected fecal samples of

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1033050
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Guo et al.

red deer as research materials, it does not cause any
harm to animals.

Author contributions

XT collected fecal samples and extracted DNA. JG carried
out the statistical analysis work and article writing work. HB
participated in data analysis and article revision. YSu and TG
participated in the revision of the article. YSo collected field and
experimental data. YJ and MZ participated in the revision of
the article and provided research funds. All authors read and
approved the final version of the manuscript.

Funding

This study was supported by the National Forestry
and Grassland Administration Project, China, the Scientific
Protection and Evaluation of Wildlife Technical Support Project
the Heilongjiang Provincial Basic Research Business Support
Project, China (1451ZD009), and the Mudanjiang Normal
College Project (GP2021005).

Acknowledgments

We are very grateful to X. Zhang, Z. Wan, and Y. Mi for
their help in collecting fecal samples. We are very grateful to
L. Cheng for providing the collar positioning data released to
the introduced red deer for the study. We would like to thank the
leaders and all staff of the Huangnihe National Nature Reserve
for their strong support and assistance in this research.

References

Bourass, K., and Hingrat, Y. (2015). Diet of released captive-bred North-African
houbara bustards. Eur. J. Wildl. Res. 61, 563-574. doi: 10.1007/s10344-015-0
930-8

Diether, N. E., and Willing, B. P. (2019). Microbial fermentation of dietary
protein: An important factor in diet-microbe-host interaction. Microorganisms
7:19. doi: 10.3390/microorganisms7010019

Fischer, J., and Lindenmayer, D. B. (2000). An assessment of the published
results of animal relocations. Biol. Conserv. 96, 1-11. doi: 10.1016/S0006-3207(00)
00048-3

Flint, H. J., Scott, K. P., Duncan, S. H., Louis, P., and Forano, E. (2012). Microbial
degradation of complex carbohydrates in the gut. Gut Microbes 3, 289-306. doi:
10.4161/gmic.19897

Gacesa, R., Kurilshikov, A., Vich Vila, A., Sinha, T., Klaassen, M. A. Y., Bolte,
L. A, etal. (2022). Environmental factors shaping the gut microbiome in a Dutch
population. Nature 604, 732-739. doi: 10.1038/s41586-022-04567-7

Gao, H., Chi, X, Li, G., Qin, W., Song, P., Jiang, F., et al. (2020). Gut microbial
diversity and stabilizing functions enhance the plateau adaptability of Tibetan

wild ass (Equus kiang). Microbiologyopen 9, 1150-1161. doi: 10.1002/mbo3.
1025

Frontiers in Microbiology

11

10.3389/fmicb.2022.1033050

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.1033050/full#supplementary-material

SUPPLEMENTARY FIGURE 1

The rarefaction curve based on the Shannon diversity index; the
horizontal axis represents the sequencing depth, and different colors
represent samples.

SUPPLEMENTARY FIGURE 2
A Venn plot based on the number of ASVs between Wild,
R2, and RO groups.

SUPPLEMENTARY FIGURE 3
A pie chart of the gut microbial composition of red deer
on phylum level.

SUPPLEMENTARY FIGURE 4
A pie chart of the gut microbial composition of red deer on genus level.

Gill, S. R,, Pop, M., Deboy, R. T., Eckburg, P. B., Turnbaugh, P. J., Samuel, B. S.,
et al. (2006). Metagenomic analysis of the human distal gut microbiome. Science
312, 1355-1359. doi: 10.1126/science.1124234

Gu,J. Y, Yu, L, Hua, Y., Ning, Y., Heng, B., Qi, J., et al. (2018). A comparison
of food habits and prey preferences of Amur tiger (Panthera tigris altaica) at the
southwest Primorskii Krai in Russia and Hunchun in China. Integr. Zool. 13,
595-603. doi: 10.1111/1749-4877.12322

Guan, Y., Yang, H., Han, S., Feng, L., Wang, T., and Ge, J. (2017). Comparison
of the gut microbiota composition between wild and captive sika deer (Cervus
nippon hortulorum) from feces by high-throughput sequencing. AMB Express
7:212. doi: 10.1186/s13568-017-0517-8

Huang, G., Wang, X, Hu, Y., Wu, Q,, Nie, Y., Dong, J., et al. (2021). Diet drives
convergent evolution of gut microbiomes in bamboo-eating species. Sci. China Life
Sci. 64, 88-95. doi: 10.1007/s11427-020-1750-7

IUCN/SSC (2013). Guidelines for reintroductions and other conservation
translocations. Version 1.0. Gland: TUCN Species Survival Commission.

Jin, L., Huang, Y., Yang, S. Z., Wu, D., Li, C., Deng, W, et al. (2021). Diet, habitat
environment and lifestyle conversion affect the gut microbiomes of giant pandas.
Sci. Total Environ. 770:145316. doi: 10.1016/j.scitotenv.2021.145316

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1033050
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1033050/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1033050/full#supplementary-material
https://doi.org/10.1007/s10344-015-0930-8
https://doi.org/10.1007/s10344-015-0930-8
https://doi.org/10.3390/microorganisms7010019
https://doi.org/10.1016/S0006-3207(00)00048-3
https://doi.org/10.1016/S0006-3207(00)00048-3
https://doi.org/10.4161/gmic.19897
https://doi.org/10.4161/gmic.19897
https://doi.org/10.1038/s41586-022-04567-7
https://doi.org/10.1002/mbo3.1025
https://doi.org/10.1002/mbo3.1025
https://doi.org/10.1126/science.1124234
https://doi.org/10.1111/1749-4877.12322
https://doi.org/10.1186/s13568-017-0517-8
https://doi.org/10.1007/s11427-020-1750-7
https://doi.org/10.1016/j.scitotenv.2021.145316
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Guo et al.

Jule, K. R,, Leaver, L. A., and Lea, S. E. (2008). The effects of captive experience
on reintroduction survival in carnivores: A review and analysis. Biol. Conserv. 141,
355-363. doi: 10.1016/j.biocon.2007.11.007

Konikoff, T., and Gophna, U. (2016). Oscillospira: A central, enigmatic
component of the human gut microbiota. Trends Microbiol. 24, 523-524. doi:
10.1016/j.tim.2016.02.015

Ley, R. E., Hamady, M., Lozupone, C., Turnbaugh, P. J., Ramey, R. R, Bircher,
J. S., et al. (2008). Evolution of mammals and their gut microbes. Science 320,
1647-1651. doi: 10.1126/science.1155725

Li, C, Liu, Y., Gong, M. H., Zheng, C., Zhang, C., Li, H,, et al. (2021). Diet-
induced microbiome shifts of sympatric overwintering birds. Appl. Microbiol.
Biotechnol. 105, 5993-6005. doi: 10.1007/s00253-021-11448-y

Li, G, Li, J., Kohl, K. D,, Yin, B., Wei, W., Wan, X,, et al. (2019). Dietary
shifts influenced by livestock grazing shape the gut microbiota composition and
co-occurrence networks in a local rodent species. J. Anim. Ecol. 88, 302-314.
doi: 10.1111/1365-2656.12920

Li, Y., Hu, X,, Yang, S., Zhou, J., Zhang, T., Qi, L., et al. (2017). Comparative
analysis of the gut microbiota composition between captive and wild forest musk
deer. Front. Microbiol. 8:1705. doi: 10.3389/fmicb.2017.01705

Li, Y., Zhang, K., Liu, Y., Li, K., Hu, D., and Wronski, T. (2019). Community
composition and diversity of intestinal microbiota in captive and reintroduced
Przewalski’s horse (Equus ferus przewalskii). Front. Microbiol. 7:1821. doi: 10.3389/
fmicb.2019.01821

Mathews, E., Orros, M., McLaren, G., Gelling, M., and Foster, R. (2005). Keeping
fit on the ark: Assessing the suitability of captive-bred animals for release. Biol.
Conserv. 121, 569-577. doi: 10.1016/j.biocon.2004.06.007

Middelbos, 1. S., Vester Boler, B. M., Qu, A., White, B. A., Swanson, K. S.,
and Fahey, G. C. Jr. (2010). Phylogenetic characterization of fecal microbial
communities of dogs fed diets with or without supplemental dietary fiber using
454 pyrosequencing. PLoS One 5:€9768. doi: 10.1371/journal.pone.0009768

Niu, Y. Y., Zhang, Z. D,, Liu, Y. H,, et al. (2021). Mammal diversity and prey
resource of Amur tiger in Heilongjiang Muling Japanese yew national nature
reserve. Chin. J. Wildl. 42, 355-362.

Oliphant, K., and Allen-Vercoe, E. (2019). Macronutrient metabolism by the
human gut microbiome: Major fermentation by-products and their impact on host
health. Microbiome 7:91. doi: 10.1186/s40168-019-0704-8

Phillips, C. D., John, H., Wilkinson, J. E., Koenig, L., Rees, E., Webala, P.,

etal. (2017). Microbiome structural and functional interactions across host dietary
niche space. Integr. Comp. Biol. 57, 743-755. doi: 10.1093/icb/icx011

Qi, J. Z., Shi, Q. H,, Wang, G. M., Li, Z,, Sun, Q., Hua, Y., et al. (2015). Spatial
distribution drivers of Amur leopard density in northeast China. Biol. Conserv.
191, 258-265. doi: 10.1016/j.biocon.2015.06.034

Quiroga-Gonzdlez, C., Cardenas, L. A. C., Ramirez, M., Reyes, A., Gonzilez,
C., and Stevenson, P. R. (2021). Monitoring the variation in the gut microbiota of

Frontiers in Microbiology

12

10.3389/fmicb.2022.1033050

captive woolly monkeys related to changes in diet during a reintroduction process.
Sci. Rep. 11:6522. doi: 10.1038/s41598-021-85990-0

Rothschild, D., Weissbrod, O., Barkan, E., Korem, T., Zeevi, D., Costea, P. I,
etal. (2017). Environmental factors dominate over host genetics in shaping human
gut microbiota composition. bioRxiv [Preprint] doi: 10.1101/150540

Shi, Q. H. (2016). Prey recovery for Amur tiger in the Changbai Mountains—
adaptability of Sika Deer reintroduction. Doctoral dissertation’s. Harbin: Northeast
Forestry University.

Soh, Y. H,, Carrasco, L. R., Miquelle, D. G, Jiang, J., Yang, J., Stokes, E. ], et al.
(2014). Spatial correlates of livestock depredation by Amur tigers in Hunchun,
China: Relevance of prey density and implications for protected area management.
Biol. Conserv. 169, 117-127. doi: 10.1016/j.biocon.2013.10.011

Sun, H. Y. (2015). Survey and evaluation for ungulate prey resource of Amur
tiger in China. For. Sci. Technol. 40, 44-47.

Tamanai-Shacoori, Z., Smida, I., Bousarghin, L., Loreal, O., Meuric, V., Fong,
S. B, et al. (2017). Roseburia spp.. A marker of health? Future Microbiol. 12,
157-170. doi: 10.2217/fmb-2016-0130

Tian, X. M. (2021). Studies on population genetics and factors driving
differentiation of Cervus canadensis xanthopygus. Doctoral dissertation’s . Harbin:
Northeast Forestry University.

Wang, S. (1998). Chinese red list of endangered animal species. Beijing: Science
Press.

Wei, F., Wu, Q.,, Hu, Y., Huang, G., Nie, Y., and Yan, L. (2019). Conservation
metagenomics: A new branch of conservation biology. Sci. China Life Sci. 62,
168-178. doi: 10.1007/s11427-018-9423-3

Witte, C. P., and Herde, M. (2020). Nucleotide metabolism in plants. Plant
Physiol. 182, 63-78. doi: 10.1104/pp.19.00955

Wu, Q., Wang, X,, Ding, Y., Hu, Y., Nie, Y., Wei, W,, et al. (2017). Seasonal
variation in nutrient utilization shapes gut microbiome structure and function in
wild giant pandas. Proc. Biol. Sci. 284:20170955. doi: 10.1098/rspb.2017.0955

Xia, T., Yao, Y., Wang, C.,, Dong, M., Wu, Y., Li, D,, et al. (2021). Seasonal
dynamics of gut microbiota in a cohort of wild Tibetan macaques (Macaca
thibetana) in western China. Glob. Ecol. Conserv. 25:e01409. doi: 10.1016/j.gecco.
2020.e01409

Xu, Q. X,, Zhang, M. H,, and Lu, B. X. (2000). Study on the status of red deer
population in Heilongjiang Province. J. Econ. Anim. 4, 57-62.

Zhao, J., Yao, Y., Li, D., Xu, H., Wu, J., Wen, A, et al. (2018). Characterization
of the gut microbiota in six geographical populations of Chinese rhesus macaques
(Macaca mulatta), implying an adaptation to high-altitude environment. Microb.
Ecol. 76, 565-577. doi: 10.1007/s00248-018-1146-8

Zhao, J., Zhang, X., Liu, H., Brown, M. A., and Qiao, S. (2019). Dietary protein
and gut microbiota composition and function. Curr. Protein Pept. Sci. 20, 145-154.
doi: 10.2174/1389203719666180514145437

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1033050
https://doi.org/10.1016/j.biocon.2007.11.007
https://doi.org/10.1016/j.tim.2016.02.015
https://doi.org/10.1016/j.tim.2016.02.015
https://doi.org/10.1126/science.1155725
https://doi.org/10.1007/s00253-021-11448-y
https://doi.org/10.1111/1365-2656.12920
https://doi.org/10.3389/fmicb.2017.01705
https://doi.org/10.3389/fmicb.2019.01821
https://doi.org/10.3389/fmicb.2019.01821
https://doi.org/10.1016/j.biocon.2004.06.007
https://doi.org/10.1371/journal.pone.0009768
https://doi.org/10.1186/s40168-019-0704-8
https://doi.org/10.1093/icb/icx011
https://doi.org/10.1016/j.biocon.2015.06.034
https://doi.org/10.1038/s41598-021-85990-0
https://doi.org/10.1101/150540
https://doi.org/10.1016/j.biocon.2013.10.011
https://doi.org/10.2217/fmb-2016-0130
https://doi.org/10.1007/s11427-018-9423-3
https://doi.org/10.1104/pp.19.00955
https://doi.org/10.1098/rspb.2017.0955
https://doi.org/10.1016/j.gecco.2020.e01409
https://doi.org/10.1016/j.gecco.2020.e01409
https://doi.org/10.1007/s00248-018-1146-8
https://doi.org/10.2174/1389203719666180514145437
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

	Diet-induced microbial adaptation process of red deer (Cervus elaphus) under different introduced periods
	Introduction
	Materials and methods
	Study area and fecal sample collection
	Deoxyribonucleic acid extraction and amplification
	Library generation and sequencing
	Plant data processing
	Bacterial data processing
	Statistical analysis

	Results
	Food composition
	Sequencing analysis and clustering
	Comparison of overall microbial composition and differences
	Relationship between feeding and the gut microbial communities
	Comparison of microbial functions between groups

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


