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Abstract: Breeding captive forest musk deer is an important way to obtain musk resources, but it also
causes changes in the ecological environment of the breeding site. This study compared the changes
in soil bacterial communities inside and outside the captive breeding site and tried to find out its
influencing factors. High-throughput sequencing analysis and other methods were used to analyze
the changes in the bacterial community structure in the natural soil and forest surrounding the musk
deer site after 4 years of captivity. The results showed that the main dominant phyla in the captive
soil samples were Proteobacteria, Acidobacteria and Chloroflexi. In order, Sphingomonadales (8.7%),
Acidobacteriales (9.9%) and Solibacterales (6.1%) were dominant in the captive soil, while Rhizobiales
(11.3%) and Gaiellales (6.2%) were found in non-captive soil. The main soil-specific microorganisms
under captive conditions were Burkholderiales, Pseudomonadales and Sphingomadales. These
microorganisms mainly gather at the order level and can be used as indicator microorganisms. A
canonical correspondence analysis (CCA) showed that the microbial diversity in captivity soil was
significantly affected by the contents of organic matter, available phosphorus and total nitrogen.
These results will provide a basis for the healthy breeding of animals and shed light on the protection
of the ecological environment in the Bashan Mountains of Qinling.
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1. Introduction

Forest musk deer (Moschus berezouskii) are a rare and endangered species [1,2]. The
musk secreted by the male body is widely used in traditional Asian medicine and in the
perfume industry [3-5]. Loss of habitat and the indiscriminate hunting of forest musk
deer have resulted in the extreme endangerment of wild forest musk deer resources [6].
At present, apart from the protection of wild forest musk deer populations and habitat,
captivity has become an important approach to protecting and sustainably obtaining musk
resources. Shaanxi Province has become the location of the largest captive breeding stock
population of forest musk deer in China because of the suitable climate and access to food
sources [7]. In recent years, research has reported on genetic diversity [8,9], intestinal
microflora [10-12], musk secretion [13-15] and disease prevention related to forest musk
deer [16,17]. However, most of these studies focused on the forest musk deer itself and paid
little attention to the relationship between captive musk deer and its living environment.
Poor soil quality in the captive environment can cause diseases such as suppuration of the
foot and hoof of forest musk deer [18], which can seriously affect the health of the animal
and are obstacles to the development of forest musk deer farming [19].

Soil microorganisms are the most sensitive indicators of environmental change. They
play an important role in characterizing the soil carbon and nitrogen cycle and its response
to natural and animal disturbances [20]. Captive breeding is a breeding method that
raises animals in a designated range over a long period of time with limited habitat
space [21]. Many studies have shown that the disturbance of animal activities changes
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the stability and diversity of the soil ecosystem and that land use methods affect the soil
microbial community to a certain extent. Drenovsky et al. [22] demonstrated that compared
with climate factors, land use was the main driving factor of changes in soil microbial
composition and biomass. Their study found that microbial communities showed low
uniformity in polluted environments. By collecting samples at a smaller spatial scale, Lear
Get al. found that the bacterial composition of samples at a geographical distance greater
than 20 m was significantly driven by diffusion limitation, and the species distribution
of soil microorganisms at a small scale was mainly caused by ground environmental
factors [23]. Different land use patterns cause great differences in nutrient management,
nutrient cycling and nutrient balance [24]. In captive situations, due to the large number
of forest musk deer and limited activity space, running, trampling, feces, urine, and feed
residues cause severe interference in the in situ soil. Animal trampling compacts the soil
and reduces soil porosity and then affects soil fertility and microbial activity. The feces
of forest musk deer contain high contents of undigested organic matter, VOCs, heavy
metals, parasitic eggs, pathogenic bacteria, etc., which destroy the original soil ecological
environment and increase the risk of animal disease. Therefore, studying the changes
in soil microbial communities in captive sites not only supports the healthy breeding of
forest musk deer but also provides a scientific basis for the protection of the ecological
environment.

In this study, we compared the changes in the bacterial community structure of forest
musk deer captive site soil and non-captive soil, analyzed the types and proportion of
microorganisms in the two soil types, sought to understand the different species and rare
microorganisms, preliminarily explained the reasons for this difference and warned of the
change signals in forest musk deer breeding environments, so as to provide a scientific
basis for the healthy management of forest musk deer breeding site ecosystems and the
scientific breeding of forest musk deer.

2. Materials and Methods
2.1. Survey of the Sampling Area

The experimental area (33°31'51” N, 107°50'50” E) was located in Zhenba County
(Figure S1), southeast of Hanzhong City, Shaanxi Province, China, which belongs to a
region of the Ba mountains at an altitude of 2118 m with an annual average temperature
of 13.8 °C and rainfall of 1250 mm. The soil is mainly yellow cinnamon soil with a pH
of 5.0-7.0. The content of organic matter in the soil is mostly over 1.2%. The vegetation is the
northern subtropical type, transitioning from deciduous broad-leaved forest to evergreen
broad-leaved forest. Typical vegetation in the zone includes evergreen broad-leaved forest,
mixed deciduous broad-leaved forest, subtropical coniferous forest and bamboo forest,
with the main deciduous broad-leaved tree being of poplar, oak, maple, birch and elm.
Mulberry, elm leaf, apricot, triangular maple and other tree species are the natural food
materials of forest musk deer [25].

2.2. Samples Collection

The soil samples were taken from Zhenba County, Hanzhong City, Shaanxi Province,
in the middle of November 2020. The research subjects were selected from the soil of
forest musk deer in captivity (CMD) over 4 years and non-captive forest musk deer natural
ecological soil (NMD) 10 m away from the enclosure. The farm was built in 2016, and 1.5- to
2.5-year-old forest musk deer were introduced, with a feeding density of 6,/100 square
meters. A total of 10 samples of surface soil at a depth of 10 cm, weighing 500 g each, were
randomly collected from CMD and NMD. After the root system and stones were removed
from each plot, the samples were placed into sterile bags and taken to the laboratory, where
they were stored at 4 °C.
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2.3. Component Analysis of Soil Samples

All soil samples were placed in a drying oven at 65 °C and dried to a constant weight,
then crushed, sifted and weighed with an electronic balance. The concentrations of organic
matter and total nitrogen in the samples were measured by wet combustion [26] and by
the semi-micro Kjeldahl technique [27], respectively. The concentrations of phosphorus,
potassium, calcium, magnesium, zinc, iron and sodium were assessed based on reference
to Ye et al. [28].

2.4. DNA Extraction and High-Throughput Sequencing

Total bacterial DNA was extracted using the Fast DNA® SPIN Kit (MP Biomedicals,
Santa Ana, CA, USA) according to the manufacturer’s instructions. The quality and
concentration of the extracted DNA were measured using a NanoDrop spectrophotometer
(ND-1000, NanoDrop Technologies, Wilmington, DE, USA). The V4 region of the bacterial
16SrRNA genes of 10 soil DNA samples was amplified by PCR using the primers 515F
(5"-GTGCCAGCMGCCGCGGTAA-3') and 806R (5-GGACTACHVGGGTWTCTAAT-3').
The PCR reaction was initially denatured at 95 °C for 3 min, followed by 28 cycles at 95 °C
for 30's, 53 °C for 40's, 72 °C for 60 s, with a final extension step at 72 °C for 5 min. Triplicate
PCR products were purified using the E.Z.N.A. Gel Extraction Kit (OmegaBio-Tek, Inc.,
Norcross, GA, USA) and then quantified using the Qubit dsDNA HS Assay Kit (Invitrogen,
Waltham, CA, USA). The PCR products of each sample were mixed with the same volume
of 1x loading buffer and electroporated on 2.0% agarose gel for detection. PCR products
were mixed in equidensity ratios. Then, the mixture of the PCR product was purified with a
GeneJET™ Gel Extraction Kit (Thermo Fisher Scientific, Waltham, MA, USA)). Sequencing
libraries were generated using the Ion Plus Fragment Library Kit (Thermo Fisher Scientific,
Waltham, CA, USA) and quantified with a Qubit@ 2.0 Fluorometer (Thermo Fisher). Finally,
the libraries were sequenced on an IonS5™ XL platform, and 456 bp single-end reads were
generated using an Illumina HiSeq 2500 platform (Illumina, Inc., San Diego, CA, USA) at
Novogene Technology, Co., Ltd. (Beijing, China).

2.5. Statistical and Bioinformatics Analyses

The raw date obtained from sequencing were first spliced according to the overlap
relationship. Low-quality data were filtered through the software of Quantitative Insights
Into Microbial Ecology (QIIME). The sequence number of each sample was sorted and
counted according to the barcode sequence. We clustered the sequences and divided them
into many groups according to their similarities. One group was one OTU. Based on the
specified similarity (97%), all sequences were divided into OTUs, and each high-quality
sequence was compared with the Silva database to find the closest species information.
Then, bioinformatics statistical analysis was carried out.

Using the summary and single commands of Mothur software, the population richness
Chao index, the PD whole tree index and Shannon’s and Simpson’s diversity index were
calculated. The (3 diversity of species was analyzed using the weighted UniFracPCA.
The representative OTU sequences were compared with the RDP reference database to
obtain species information, and then, the species distribution maps were obtained by
analyzing at the phylum, order and genus levels. On this basis, the core communities were
found through Venn maps, and the functions of the core communities were compared. A
one-way analysis of similarity (ANOSIM) was performed to determine the differences in
bacterial communities among groups. Linear discriminant analysis (LDA) coupled with
effect size (LefSe) analysis was performed to reveal the significant rankings of abundant
modules in the captivity and non-captivity soil samples. A size—effect threshold of 4.0 on the
logarithmic LDA score was used for the potential biomarkers. The Monte Carlo replacement
test was used to analyze the significance levels of the impacts of environmental factors
on microbial communities. Canonical correspondence analysis (CCA) was used to find
microorganisms sensitive to environmental changes. SPSS software 16.0 (IBM, Armonke,
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New York, NY, USA) was used for statistical analysis to study the relationships between
the soil biochemical indexes, the diversity index and species abundance at p = 0.05.

3. Results
3.1. Soil Characteristics Differences between Captive and Non-Captive Forest Musk Deer Soils

The soil physical and chemical results for the forest musk deer captive and non-captive
areas are shown in Table 1. Compared with the non-captive soil (NMD), the pH and sodium
contents were decreased and the other contents were increased in the captive soils (CMD).
The content of magnesium increased by 67.0%, followed by the contents of potassium by
51.2%; organic matter by 33.3%; and total nitrogen, phosphorus, iron and zinc by 28.4%,
28.4%, 27% and 20.5%, respectively. There were significant differences in pH, organic
matter, total nitrogen, phosphorus, potassium, magnesium and sodium between the CMD
and NMD groups (p < 0.05), but the contents of calcium, zinc and iron did not change
significantly (p > 0.05). The changes in element content may be closely related to the
activities of forest musk deer.

Table 1. The basic physico-chemical indicators in the soils.

Component NMD CMD p-Value 10;111\}232,/?’
pH 742 +0.130 7.10 £ 0.158 0.020 **
Organic matter (%) 0.93 + 0.055 1.19 4+ 0.047 0.002 >
Total N (%) 0.69 & 0.053 0.89 & 0.031 <0.001 *
P (mg/kg) 353.9 £ 20.6 454.6 £+ 26.37 <0.001 **
K (mg/kg) 4032.6 +58.3 6096.0 £ 65.8 <0.001 **
Ca (mg/kg) 3297.9 £214.9 3166.9 £ 154.9 0.463 NS
Mg (mg/kg) 6728.9 £ 259.5 11,235.6 + 262.5 <0.001 **
Zn (mg/kg) 56.7 + 6.43 68.3 £14.3 0.168 NS
Fe (mg/kg) 14,1174 £1992.6  17,986.0 & 2685.3 0.137 *
Na (mg/kg) 338.7 £ 15.6 107.4 +12.2 <0.001 **

** indicates highly significant, * indicates significant, NS indicates No significant.

3.2. Sequence Richness and Diversity Analysis

A total of 80,337 reads were measured per sample through the shear filtration, and
75,418 valid reads were obtained after quality control, with an effective quality control
rate of 93.88%. These obtained sequences clustered into 2405 OTUs at the similarity level
of 97% were assigned to 17 phyla, 38 classes, 115 orders, 210 families and 426 genera. In
addition, 0.11% and 14.31% of the sequences could not be identified at the phyla or genus
level, respectively.

The number of OTUs and diversity indexes in these samples are shown in Table 2. The
numbers of OTUs detected were 1518 and 1959 in NMD and CMD, respectively. Compared
with NMD, the soil microbial Chao and PD-whole-tree indexes increased significantly, by
38.3% and 17.5%, in the CMD group (p < 0.05). The Shannon and Simpson indexes, showed
a similar change trend. The activities of forest musk deer in captive farms led to a significant
increase in soil microbial species, which indicated more species of soil microorganisms in
CMD than in NMD.

Weighted UniFracPCA analysis (Figure 1) showed that CMD was clearly distinguished
from the NMD group, and the sample space distance between subjects was up to 0.197.
There were significant differences in microbial community composition between forest
musk deer enclosure soil and natural soil samples. These results of sequencing reflected
the overall situation of the soil microbial community in disturbance and control, and the
discrimination was high.



Sustainability 2022, 14, 10307

50f13

Table 2. The alpha diversity parameters of the microbial communities in soils.

Observed-

Sample No. of OTUs Shannon Index Simpson Index Chao Species PD-Whole-Tree
NMD 1518 £ 65 7.01 £ 0.68 0.807 = 0.02 1504.76 £ 70.34 1360.2 £ 164.48 143.92 £ 20.74
CMD 1959 + 97 8.99 + 0.38 0.989 + 0.01 2080.19 +£94.70  1955.80 £ 128.30 168.16 = 14.94

p-value 0.002 0.01 <0.001 0.001 0.003 0.03

one-way ok ok E +% *%

ANOVA NS

** indicates highly significant, NS indicates No significant.

PCA Plot
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Figure 1. The 3 diversities of the microbial communities. PC1 explained 41.58% of the difference,
and PC2 21.45%. Points of the same color in the figure represent grouped samples. The smaller the
distance between different points, the smaller the difference.

3.3. Microbial Community Structure in Soil Samples of NMD and CMD

There were 17 phyla of soil bacteria in the captive and non-captive areas, with 14 phyla
with a relative abundance of >1%. Their distribution was shown in Figure 2a. The dominant
microbiotas were Proteobacteria (26.6%), Actinobacteria (14.2%), Acidobacteria (11.5%) and
Chloroflexi (8.2%) in the NMD group. In the CMD group, the dominant microbial groups
were Proteobacteria (33.2%), Acidobacteria (24.4%), Actinobacteria(10.6%) and Chloroflexi
(14.6%). Compared with the NMD group, the abundance of Proteobacteria, Acidobacteria
and Chloroflexi increased significantly in the CMD group (p < 0.05), while Actinobacteria
decreased (p > 0.05).
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Figure 2. Soil microbial community compositions of the CMD and NMD groups. (a) Phylum level,
(b) order level. (a) shows the 14 phyla with a relative abundance of >1%. (b) displays the 23 orders
with a relative abundance of >1%.
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In addition, the quantities of Bacteroidetes, Verrucomicrobia, Gemmatimonadetes and
Planctomycetes also decreased in the CMD group (p > 0.05). At the order level (Figure 2b),
the difference in the soil microbial community structure was more significant between
groups. Compared with NMD, there were more Sphingomonadales (8.7%), Acidobacteri-
ales(9.9%), Solibacterales (6.1%) and Ktedonobacterales (5.2%) in the CMD group, while
Rhizobiales (11.3%), Gaiellales (6.2%), Sphingomonadales (6.3%) and Acidobacteriales
(6.5%) were dominant in the NMD group.

3.4. OTU Distribution Characteristics Analysis

Venn diagrams showed the similarities in and overlaps of OTU number composition in
the core microbial communities in the NMD and CMD groups. There were 765 core OTUs in
the NMD group, accounting for 50.4% of the total OTUs (Figure 3a), while 1095 OTUs were
found in CMD (Figure 3b), accounting for 54.9% of the total OTUs. Captive forest musk
deer increased the number of core microorganisms by 4.5%. Further Venn analysis was
conducted on the core community to obtain the overlap of OTUs under the two treatments
(Figure 3c). The study found only 590 unique microbial OTUs in NMD, while 789 unique
microbial OTUs were found in the CMD group.

NMD2 CMD2

NMD5

CMD5

590

NMD

(©)

Figure 3. Venn diagrams of the OTUs. (a) The number of OTUs shared by NMD. (b) The number of
OTUs shared by CMD. (c) The number of OTUs shared by NMD and CMD. The overlapped parts are
the numbers of common species, while the non-overlapped parts are the numbers of endemic species.
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3.5. Difference Analysis of Soil Microbial Flora Abundance

The plot from LefSe analysis (Figure 4) displays the LDA scores for the microbial
taxa with significant differences in the NMD and CMD groups. At the genus level, the
biomarkers demonstrating significant differences were Bradyrhizobium, Rhodoplanes and
unidentified-Chloroflexi. A T-test showed that there were five significantly different micro-
biology indicators in the CMD and NMD groups (p < 0.05) (Figure 5). Anaeromyxobacter,
Stenotrophomonas, Polaromonas and unidentified-Chloroflexi showed significant increases
in the CMD group, while Pedomicrobium reduced in this group.

I CMD
N NMD

| |
o_Rhiiobiales

f_Xanthobacteraceae
g_'Bradyrhizobium
si_Bradyrhizobiuni_elkanii
: 'g__Rhodoplanes
o_ Frankiales

o__unidentified_Chloroflexi
g__unidentified_Chloroflexi
f_DesuElfarcuIao:eae

: _o_Des@lfarculal:es

. _o_Acidbbacteriéles
I - Acidobacteriia

. _ D_Acidi)bacterié . . .
I | | | | | I | | | I
—-60 48 -36 -24 -12 0.0 1.2 24 3.6 4.8 6.0

LDA SCORE (log 10)

Figure 4. LefSe analysis. Species with significant differences and LDA scores greater than the
estimated value; the default score is 4.0. The length of the histogram represents the LDA score, i.e.,
the degree of influence of species with significant differences between groups.

EECMD
95% confidence intervals B~
Anaeromyxobacter |_._| 0.034

Stenotrophomonas

Pedomicrobium .
L

F—.—| 0.006

anyes-d

1
'
l—.—( : 0.001
'
1
'
1

unidentified Chloroflexi

Polaromonas 0.018

0.009 -0.01 —0.005

I—.—i: 0.048
1
i
:
|
0

=}

0.005 0.01

Means in groups Difference between groups

Figure 5. The differences in microbial abundance between the CMD group and the NMD group
were statistically significant. The middle shows the differences between proportions of functional
abundance at the 95% confidence interval, and the values at the right are the p-values. p< 0.05
represents a significant difference.
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3.6. Correlation Analysis between Microbial Community Structure and Environmental Factors

To study the effects of environmental factors on the distribution of soil microbial
communities, the CCA of soil microbial communities and soil physical and chemical
properties were carried out, as shown in Figure 6. The total nitrogen, available phosphorus
and organic matter contents mainly constitute the positive axis of the first ordination axis
of CCA, while pH and available potassium mainly constitute the negative axis of the
first ordination axis of CCA. The distribution of microorganisms in the soil was greatly
influenced by soil organic matter, available phosphorus and total nitrogen content but less
by pH and potassium. The characteristic value of the first axis was 54.18%. It contained
most of the soil environmental information and microbial community information, which
can better explain the relationships of environmental factors and the samples.

CCA Plot

[ ]

M cmDp
&) ® NvD

CCA2 (30.29% )

15 -0 05 0.0 05 10
CCAT (54.18% )
Figure 6. CCA results linking the environmental factors and microbial community structures at the

phylum level.

4. Discussion
4.1. Effects on Soil Microbial Diversity of Captive Forest Musk Deer

The animal breeding area was located in a natural forest farm. The internal and
external environments of the farm and soil microbes were the same originally, but due
to the activities of the forest musk deer, the soil microbial species and quantity changed.
Kristin et al. considered that the activity of animals on land is an important driving factor
in changes in soil bacterial structure [29]. Cheng et al. suggested that land use includes
animal treading, eating and excretion, which are major drivers of microbial changes in
soil composition and microbial biomass [30]. These research results are consistent with
our findings.

Different disturbance intensities of animals have different effects on soil microorgan-
isms. Shen et al. [31] demonstrated that the gnawing and trampling of deer disturb the
vegetation environment, change the competitiveness and environmental conditions of
species in the community and significantly reduce the richness and evenness of species
during captivity. This was contrary to our present findings. The breeding time of forest
musk deer in our study was only 4 years, and the population density of the forest musk
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deer was 6/100 square meters. The short time period and small number of animals, and the
moderate activity of the forest musk deer, appeared to have a certain stimulating effect on
the environment. In the short term, moderate activities of surface animals and an increase
in nutrients can enrich the population structure of surface microorganisms and enrich the
diversity. Meng et al. [32] found that moderate grazing of cattle and sheep is conducive to
the growth and reproduction of microorganisms and improves the diversity of the soil mi-
crobial community. Gao et al. [33] reported that mild grazing by cattle and sheep promotes
the increase of soil microbial biomass carbon and causes the soil microbial population
structure to become richer. This was consistent with our research results. Therefore, captive
forest musk deer and moderate grazing can indeed improve soil microbial diversity by
maintaining a certain degree of moderation in time and space.

4.2. Relationship between Soil Physicochemical Property and Microbial Diversity

Soil organic matter content is closely related to the soil fertility level [34]. In this study,
the content of soil organic matter in the captive area was significantly increased (p < 0.05),
indicating that the four-year captive activities of forest musk deer increased the content of
organic matter in the soil, and this appropriate amount and time of animal breeding had
a positive feedback effect on the ecosystem. The soil total nitrogen content was affected
by organic matter, showing the same variation trend as organic matter [35]. The contents
of P, K and Mg in the soil also showed highly significant differences between the two
samples (p < 0.001). The elevated levels of these three elements in the captive soil may be
related to the trampling, excrement and feed residues of the forest musk deer [36]. The pH
value, calcium and sodium ions decreased at the captivity farm, which also corresponded
to the increase in the number of Acidobacteria in the microbial community, reflecting the
interaction between microbial community organization and environmental factors and the
adjustment and adaptation [37].

The short-term activities of forest musk deer increased the contents of the main
nutrient elements such as nitrogen, phosphorus and potassium in the soil surface to a
certain extent, and they provided more nutrition for the growth of microorganisms in the
soil. Therefore, the contents of elements in forest musk deer breeding increased. In addition,
the breeding time in captive areas may have been one of the factors affecting the changes
in soil microorganisms. Increasing the breeding time may cause further changes in the
structure of soil microorganisms. These will continue to be observed in our future research.

4.3. Analysis of the Soil Microbial Community for Captive and Non-Captive Forest Musk
Deer Soils

In the same soil type, the soil microbial community structure is consistent through
different land use patterns. In this study, we found that at the phylum level, captive
and non-captive soils had the same dominant microbial groups, including Proteobacteria,
Acidobacteria, Actinomycetes and Chloroflexi. Tang et al. reported that proteobacteria and
Bacteroidetes are the dominant groups in soil bacterial community diversity under different
stages of degradation in the Zoige wetland [38]. The dominant soil microbial flora were
Proteobacteria, Chloroflexi and Actinomycetes in alpine meadow under cattle and sheep
grazing conditions [39], similar to the results of this study. Proteobacteria have been found
to be the dominant bacteria in soils disturbed by different animals in different regions.

Proteobacteria include the largest number of microorganisms in nature and play a role
in nitrogen fixation and the decomposition of organic matter in soil to maintain the balance
of the ecosystem [40]. Acidobacteria in soil can decompose cellulose and participate in
mineral cycling [41]. Some studies have indicated that when the nutrition or structure
of soil changes, the abundance of Acidobacteria in the soil changes quickly because they
are very sensitive to environmental factors, especially when the content of N in the soil
increases [42]. The natural soil is rarely interfered with by animal or human activities, and
the ground vegetation grows well. Various microorganisms in the soil promote each other
and grow together to form a stable microbial ecosystem. Chloroflexi is a type of bacteria
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with green pigment that can produce energy through photosynthesis. The forest musk deer
captive breeding areas selected were often located in gently sloping and open places at the
bottom of a mountain, providing favorable conditions for the growth of Chloroflexi [43].

There were some distinct microorganisms in the CMD and NMD groups. The results
showed that Anaeromyxobacter, Stenotrophomonas and Polaromonas were facultative
anaerobic bacteria. They have good tolerance to heavy metals and extreme environments,
and the abundance of these three microorganisms in captive soil was significantly higher
than in non-captive soil. The results showed that the activities of forest musk deer, including
daily trampling, eating and excreta pollution may cause the deterioration of soil physical
and chemical properties and an increase of heavy metal content in the soil. The results of
this study showed that after animal disturbance, the microorganisms with environmental
tolerance in the soil microbial community increased [44]. After the balance of the ecosys-
tem was disrupted, soil microorganisms evolved a corresponding population structure.
Pedomicrobium is often found in soils rich in trace elements and is an indicator of the soil’s
health. In this study, it was found that the content of Pedomicrobium decreased in CMD,
which also indicated that the soil of forest musk deer captivity developed in a worsened
direction. In addition, a small amount of Corynebacterium pyogenes, Pseudomonas aeruginosa
and Staphylococcus spp. were also found in the soil of captive land. These microorganisms
are the main pathogens of limb and subcutaneous abscesses of forest musk deer, which
can be fatal to the animal [10,45]. The discovery of these pathogens also provides early
warning signals for better breeding and management of the forest musk deer.

5. Conclusions

As an important part of the soil ecosystem, microorganisms are susceptible to en-
vironmental disturbance, which can reflect the health status of the soil. The abundance
of soil microorganisms and the diversity of community functions can indicate the soil
quality and its sustainable utilization to a certain extent. The activities of forest musk
deer in captivity increased the contents of organic matter and microelements in the soil,
enriched the diversity of microorganisms, and accelerated the concentration of microbial
populations of dominant species. Nevertheless, we should also pay attention to the changes
in soil microorganisms. Long-term disturbance may cause the loss of soil organic matter
and nutrients, soil hardening, and then affect the composition, structure, and diversity of
microorganisms and increase soil degradation risk [31,43]. The effects of breeding years
and density of forest musk deer on soil microbial diversity need to be further explored.
The study of bacterial diversity in the soil environment can be used to monitor changes
in the breeding environment of forest musk deer. The early detection of some pathogenic
microorganisms will be conducive to improving the health management of this forest musk
deer population.
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