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Simple Summary: Globally endangered ruminants, forest musk deer (Moschus berezovskii) face
extinction, with captive herds further imperiled by prevalent digestive and immune disorders. This
study employed comparative metagenomic sequencing to analyze gut microbial structures in wild
populations (Chongqing and Hunan) versus captive individuals. Wild groups were dominated by
Pseudomonadota, enriched with lignin-degrading genera like Novosphingobium and Acinetobacter.
Captive deer exhibited increased Firmicutes and Bacteroidota, alongside pathogenic overgrowth of
Escherichia and Clostridium. Despite significant richness differences in wild populations due to
habitat vegetation, core microbial diversity and carbohydrate metabolism converged. Captive
microbiota enriched translation and sugar metabolism pathways, while wild groups prioritized
immune regulation and environmental sensing. These findings provide a theoretical basis for
optimizing conservation strategies and scientifically informed captive management.

Abstract: Forest musk deer (Moschus berezovskii), one of the world’s most endangered ruminants,
faces extinction risks, with captive populations additionally threatened by prevalent diseases
including digestive and immune disorders. This study employed comparative metagenomic
sequencing to analyze intestinal microbiota structure and function between wild populations in
Chongging and Hunan and captive individuals. Wild musk deer exhibited a Pseudomonadota-
dominated gut microbiota (significantly higher than captive), enriched in lignin-degrading genera
Novosphingobium and Acinetobacter. In contrast, captive groups showed increased abundances of
Firmicutes/Bacteroidota, with abnormal proliferation of Escherichia and Clostridium. Alpha and beta
diversity analyses revealed significant differences in gut microbial community composition among
the three groups, with wild cohorts exhibiting higher diversity than captive groups. Although
substantial disparities in microbial abundance existed between the two wild populations due to
differential vegetation in their habitats, convergence was observed in core microbial diversity and
carbohydrate metabolic functions. Functional analyses have revealed significant divergences in
metabolic pathways, Captive deer microbiota was enriched in translation and glycan metabolism
pathways, while wild populations exhibited superior enrichment in immune regulation and
environmental sensing pathways. This research provides a theoretical foundation for optimizing
wild conservation strategies and developing scientifically informed feeding regimens for captive
Moschus berezovskii.

Keywords: forest musk deer (Moschus berezovskii); gut microbiota; metagenomic sequencing;
geographical divergence; endangered species conservation
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1. Introduction

“

Gut microbiota, often regarded as the host’s “second genome,” profoundly influence ecological
adaptation and evolutionary trajectories through mechanisms such as nutrient metabolism
regulation [1], immune homeostasis maintenance[2], and growth modulation[3]. Adaptive shifts in
gut microbial communities may serve as critical indicators of population survival status[4]. In
ruminants, the efficient decomposition of high-fiber plant material relies on a specialized digestive
system driven by synergistic interactions between the rumen and gut microbiota[5]. Current research
highlights that multidimensional ecological factors—including geographic isolation[6], dietary
habits[7], and habitat vegetation types[8] —collectively shape the structural characteristics of wildlife
gut microbiota, with dietary drivers often exerting dominant effects[9].

The intervention of captive domestication on gut microbiota has garnered significant attention
in endangered species conservation. For instance, captive giant pandas (Ailuropoda melanoleuca)
exhibit reduced gut microbial diversity and diminished abundance of cellulose-degrading bacteria
compared to wild counterparts [10]. Similarly, captive Przewalski’s horses (Equus ferus) display lower
gut microbial richness, reduced metabolic gene abundance, and heightened zoonotic disease risks
relative to wild populations[11]. These findings suggest that artificial environments, constrained by
dietary monotony and limited activity ranges, may lead to irreversible declines in core functional
microbial taxa[12]. Geographic variation also plays a pivotal role in shaping wildlife gut microbiota.
A systematic analysis of 29 African chimpanzee (Pan troglodytes) populations revealed that
geographic divergence, mediated by host genetic backgrounds, vegetation composition, and tool-
use-associated dietary differences, drives significant microbial community differentiation across
regions [13]. Comparative studies of captive Asian black bears (Ursus thibetanus) in Sichuan, Yunnan,
and Heilongjiang provinces further demonstrated geographic-driven divergence in gut microbial
diversity, dominant taxa, and community structure, implicating latitude-associated climatic factors
in host-microbe coevolution[14].

The forest musk deer (Moschus berezovskii), a small ungulate endemic to East Asia, is classified
as a National Grade I Protected Species in China and listed as endangered under CITES Appendix II
and the IUCN Red List[15,16]. Its unique musk secretion capability and alpine shrubland habitat have
fostered gut microbiota with exceptional secondary metabolite conversion capacities, conferring high
ecological, scientificc and economic value[17,18]. However, rampant poaching and habitat
degradation have precipitated severe population declines, pushing this species toward extinction[19].
Existing research predominantly focuses on disease prevention, musk secretion mechanisms, and
genetic diversity[20-22], while knowledge gaps persist regarding wild population geographic
variability and microbial functional remodeling during captivity. This study employs metagenomic
sequencing to compare gut microbiota between wild and captive Moschus berezovskii populations in
Chongging and Humnan. The findings will provide microbiome-level insights to guide habitat
management for wild populations and refine captive breeding protocols, offering critical implications
for conservation practices.

2. Materials and Methods

2.1. Sample Collection

This study adhered strictly to non-invasive sampling protocols, with all fecal samples collected
from naturally excreted feces of Moschus berezovskii without animal trapping, sedation, or direct
contact. Wild samples were obtained from the [info Mountain National Nature Reserve in Chongqing
(Wild Group W1: 107°03'-107°26'E, 28°46'-29°30'N, n=8) and the Huping Mountain National Nature
Reserve in Hunan (Wild Group W2: 110°29'-110°59'E, 29°58'-30°08'N, n=8). Sampling protocols for
wild populations included two criteria: (1) selection of fresh, large fecal pellets to ensure collection
from adult individuals; and (2) spatial separation of samples by >500 m to minimize home-range
overlap (2.8-7 hm? per individual), thereby guaranteeing distinct host origins[23]. Captive samples

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.0393.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 June 2025 d0i:10.20944/preprints202506.0393.v1

3 of 13

were collected from Yongshun Mingfa Musk Deer Farm in Xiangxi, Hunan (Captive Group C: 110°58'E,
29°01'N, n=8), where semi-open enclosures with individual resting pens were maintained. Fresh fecal
samples from captive individuals were collected during morning cleaning routines. All samples were
immediately transferred into sterile cryovials preloaded with 80% ethanol (pre-cooled to -20°C) using
aseptic gloves within 30 minutes post-collection, transported under cold chain conditions (4°C), and
stored at -80°C until analysis.

2.2. DNA Extraction and Quality Control

Total genomic DNA was extracted from fecal samples using the TTANamp Stool DNA Kit
(TIANGEN, China) following manufacturer protocols. DNA integrity was assessed via 1% agarose
gel electrophoresis to verify absence of degradation and contaminants. Purity was quantified using
a NanoDrop 2000 spectrophotometer (IMPLEN, USA) for absorbance ratios, while concentrations
were determined via Qubit® 2.0 Fluorometer with the Qubit® dsDNA HS Assay Kit (Thermo Fisher
Scientific, USA).

2.3. Library Preparation and Sequencing

Genomic DNA (1 pg per sample) was fragmented into ~350 bp inserts using a Covaris
ultrasonicator (Covaris, USA). Libraries were constructed with the NEB Next® Ultra™ DNA Library
Prep Kit (NEB, USA) through end repair, adapter ligation, size selection, and PCR amplification.
Library quality was verified by Agilent 2100 Bioanalyzer (Agilent, USA) for insert size distribution
and quantified via qPCR (effective concentration >3 nM). Paired-end sequencing (2x150 bp) was
performed on the Illumina NovaSeq 6000 platform at Novogene Bioinformatics Technology Co., Ltd.
(Tianjin, China). Raw sequencing data were deposited in the NCBI Sequence Read Archive under
accession PRJNA1242249.

2.4. Bioinformatic Analysis

2.4.1. Data Preprocessing

Raw reads were filtered using fastp (https://github.com/OpenGene/fastp ) with three criteria: (a)
removal of read pairs with adapter contamination; (b) exclusion of sequences with >50% low-quality
bases (Q=<5); and (c) elimination of reads containing =10% ambiguous N bases. Potential host DNA
contamination was mitigated by aligning reads to the musk deer reference genome using Bowtie2
(http://bowtie-bio.sourceforge.net/bowtie2/index.shtml ; parameters: --end-to-end, --sensitive, -I 200,
-X 400)[24,25]. Clean data were validated via FastQC for downstream analyses.

2.4.2. Metagenomic Assembly and Gene Catalog Construction

Clean data were assembled using MEGAHIT (--presets meta-large) to optimize microbial
community reconstruction. Scaffolds were fragmented at N-base junctions into non-overlapping
scaftigs (2500 bp)[26]. Open reading frames (ORFs) were predicted via MetaGeneMark
(http://topaz.gatech.edu/GeneMark/), with sequences <100 nt discarded[27]. Redundant genes were
clustered at 95% similarity using CD-HIT (-c 0.95, -G 0, -aS 0.9, -g 1, -d 0) to generate a non-redundant
gene catalog[28]. Gene abundance was calculated by mapping clean reads to the catalog using
Bowtie2, retaining genes with >2 reads[29]. Core-pan gene analysis, inter-sample correlations, and
Venn diagram generation were conducted based on gene abundance profiles.

2.4.3. Metagenomic Assembly and Gene Catalog Construction

Taxonomic annotation was performed using DIAMOND software
(https://github.com/bbuchfink/diamond/ ; parameters: blastp, -e 1e-5) to align non-redundant gene
sets (unigenes) against the Micro_NR database, which integrates bacterial, fungal, archaeal, and viral
sequences from the NCBI NR database (https://www.ncbi.nlm.nih.gov/ ) to comprehensively capture
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environmental microbial diversity [30,31]. MEGAN'’s LCA algorithm
(https://en.wikipedia.org/wiki/Lowest_common_ancestor ) assigned taxonomic ranks from phylum
to species, with abundances derived from annotated gene counts[31]. a-diversity indices (Shannon,
Ace, Chaol, Simpson) were compared across groups via Kruskal-Wallis tests. p-diversity was
assessed using unweighted/weighted UniFrac distances visualized via PCoA and heatmap
clustering. Differentially abundant taxa and pathways were identified via MetaGenomeSeq and
LEfSe (LDA =2)[32]. Predictive biomarkers were selected using RandomForest (R packages pROC
and randomForest, v2.15.3)[33]. Functional annotation employed DIAMOND against KEGG, with
pathway abundances normalized to gene counts[34]. Metabolic pathway variations were evaluated
using LEfSe and MetaGenomeSeq.

3. Results

3.1. Gut Microbial Community Composition

Metagenomic sequencing analysis of 24 fecal samples from forest musk deer (Moschus
berezovskii) generated 201.03 Gb of raw data via the Illumina platform. After quality control, 198.49
Gb of high-quality sequences were retained (average Q20: 98.65%, Q30: 96.08%, GC content: 55.29%,
effective sequence rate: 98.73%). Sequencing depth reached saturation (rarefaction curve shown in
Figure S1), meeting the requirements for subsequent analyses (detailed sequencing quality control
data are provided in Table S1). At the phylum level (Figure 1a), the dominant phyla in the gut
microbiota of Chongging wild forest musk deer were Pseudomonadota (50.78 + 0.22%), Bacillota (15.69
+0.22%), Actinomycetota (10.29 + 0.05%), Bacteroidota (5.93 + 0.04%), and Myxococcota (1.07 +0.02%).
In Hunan wild forest musk deer, the predominant phyla were Pseudomonadota (51.60 + 0.22%),
Bacillota (6.12 + 0.13%), Bacteroidota (5.87 + 0.03%), Myxococcota (5.36 + 0.08%), and Acidobacteriota
(2.86 £ 0.02%). For captive forest musk deer, the dominant phyla included Bacillota (32.12 + 0.24%),
Pseudomonadota (29.26 + 0.29%), Actinomycetota (6.91 + 0.07%), Bacteroidota (4.09 + 0.03%), and
Candidatus Saccharibacteria (1.03 + 0.01%).

At the genus level (Figure 1b), the gut microbiota of Chongging wild forest musk deer was
dominated by Acinetobacter (11.37 + 0.19%), Novosphingobium (3.88 + 0.06%), Comamonas (1.71 *
0.03%), Stenotrophomonas (1.51 + 0.04%), and Sphingopyxis (1.37 + 0.02%). In Hunan wild forest musk
deer, the predominant genera were Novosphingobium (3.62 = 0.04%), Mesorhizobium (3.58 + 0.06%),
Acinetobacter (2.75 + 0.06%), Sphingomonas (2.38 + 0.03%), and Luteimonas (1.41 + 0.02%). Captive
forest musk deer exhibited dominance by Acinetobacter (8.4 + 0.12%), Escherichia (3.62 + 0.05%),
Clostridium (2.70 £ 0.02%), Enterococcus (1.87 + 0.03%), and Stenotrophomonas (1.06 = 0.03%). Venn
diagram analysis (Figure 1c) revealed that wild forest musk deer (Chongging and Hunan groups)
harbored more unique microbial species than the captive group. The Hunan wild group had a greater
number of unique species compared to the Chongging wild group, and the shared species between
Chongqing and Hunan wild groups far exceeded those shared between wild and captive groups.
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Figure 1. Compositional characteristics of fecal microbiota in forest musk deer (Moschus berezovskii).(a) Phylum-

(©)

level abundance distribution: Stacked bar charts display the relative abundances of the top 20 bacterial phyla;
(b) Genus-level abundance distribution: Stacked bar charts illustrate the relative abundances of the top 20

bacterial genera; (c) Intergroup species distribution: Venn diagram quantifies shared/unique species among the
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three groups, where overlapping regions represent shared taxa and non-overlapping areas indicate group-

specific taxa (W1: Chongging wild group; W2: Hunan wild group; C: Captive group).

3.2. Comparative Analysis of Gut Microbial Diversity and Differences

Systematic analysis of a-diversity (ACE, Chaol, Shannon, and Simpson indices) and 3-diversity
metrics was conducted to evaluate the diversity and community evenness of gut microbiota across
the three groups (The statistical results of Alpha diversity analysis are provided in Table S2). The
Goods-coverage index for all samples exceeded 0.99 (Table S2), confirming the representativeness of
the sequencing data. Results (Figure 2a) demonstrated that wild groups (W1, W2) exhibited
significantly higher ACE and Chaol indices than the captive group (C), indicating superior species
richness in wild individuals. While ACE indices differed significantly between Chongging and Hunan
wild groups, Shannon and Simpson indices showed no significant variation, suggesting divergent
microbial community abundances but convergent species diversity between the two wild groups.

Principal Coordinate Analysis (PCoA) (Figure 2b) revealed significant p-diversity differences
among the three groups. The captive group (C) was distinctly separated from both wild groups (W1,
W2) along the PCoA1 axis, reflecting substantial divergence in gut microbiota between captive and
wild individuals. Regional separation was also observed between Chongging (W1) and Hunan (W2)
wild groups, indicating geographical influences on microbial composition.

Cluster analysis of the top 12 relatively abundant taxa with significant intergroup differences
was visualized via heatmap (Figure 2c). MetaGenomeSeq and Kruskal-Wallis rank-sum tests
identified differentially abundant species. Boxplots (Figure 3) illustrated the distribution of the top
12 genera across groups. Wild groups (W1, W2) showed significantly higher abundances of Advenella,
Brevundimonas, ~ Chitinophaga,  Oerskovia, =~ Hydrogenophaga, =~ Microbacterium,  Mesorhizobium,
Novosphingobium, and Sphingopyxis compared to the captive group (C) (P < 0.05). In contrast,
Clostridium, Enterococcus, and Glutamicibacter were enriched in the captive group (P < 0.05).
Microbacterium abundance differed significantly between Chongging (W1) and Hunan (W2) wild
groups (P <0.05).

- . o
| - . - . E .. o ‘e Group
. . a L Py - e C
! g wi
. - 3 ® w2
—_— N - [
4 I— | . . s
: ° ' . : 0.5 00 05
z e L — = PCoAl (36.54%)
(a) (b)

Figure 2. Analysis of diversity and structural characteristics of gut microbiota in different groups of forest musk
deer (Moschus berezouskii). (a) Comparison of a-diversity indices of gut microbiota among the three groups.
Significance levels are denoted as: “*” P <0.05, “**” P <0.01, “**” P <0.001 (Kruskal-Wallis rank-sum test), and
“ns” indicates no significant difference; (b) Principal Coordinate Analysis (PCoA) of p-diversity in fecal
microbiota; (c) Clustered heatmap of the top 12 most significantly differentially abundant genera at the genus

level(W1: Chongging wild group; W2: Hunan wild group; C: Captive group).
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Figure 3. MetaGenomeSeq analysis of gut microbiota at the genus level in three groups of forest musk deer
(Moschus berezovskii). The horizontal axis represents sample groups, while the vertical axis indicates the relative
abundance of corresponding microbial taxa. Horizontal bars denote significant differences between two groups;
absence of a bar implies no significant difference for that taxon. Significance levels are marked as “*” (P < 0.05)
and “**” (P <0.01) based on the Kruskal-Wallis rank-sum test (W1: Chongqing wild group; W2: Hunan wild group;
C: Captive group).

3.3. Functional Composition of Gut Microbiota

KEGG database annotation revealed that functional genes of the gut microbiota were primarily
distributed across six core metabolic hierarchies. Metabolism (57.3%) constituted the dominant
functional module, with carbohydrate metabolism and amino acid metabolism playing central roles.
Auxiliary modules included Environmental Information Processing (11.5%), Genetic Information
Processing (10.9%), Cellular Processes (9.1%), Human Diseases (7.5%), and Organismal Systems
(3.7%). LEfSe analysis (LDA > 2, Figure 4B-C) highlighted group-specific functional pathways:
Captive Group (C): Enriched in translation, glycan biosynthesis and metabolism, and nucleotide
metabolism; Chongging Wild Group (W1): Dominated by sensory systems, eukaryotic cellular
communities, and immune system pathways; Hunan Wild Group (W2): Associated with cell motility,
energy metabolism, metabolism of other amino acids, cardiovascular diseases, endocrine/metabolic
diseases, and aging. Clustered heatmaps (Figure 4C) further visualized the abundance patterns of
differential metabolic pathways across samples.
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Figure 4. KEGG Annotation and LEfSe Analysis. (a) Statistical distribution of annotated gene counts in the KEGG
database. (a)The bar plot illustrates the number of annotated genes at the Level 1 hierarchy of the KEGG database
based on unigene annotation results; (b) LDA score distribution of differential functions (Level 2, LDA=2). The
histogram highlights pathways with significant functional divergence (linear discriminant analysis [LDA] score
threshold = 2), emphasizing group-specific metabolic specialization; (c) Clustered heatmap of differentially
enriched functional abundances in KEGG pathways (Level 2). The heatmap visualizes the relative abundance
patterns of functionally distinct pathways across experimental groups(W1: Chongging wild group; W2: Hunan
wild group; C: Captive group).

4. Discussion

This study compared the gut microbiota composition of wild forest musk deer (Moschus
berezovskii) from Chongqing and Hunan with that of captive individuals using metagenomic data,
revealing significant impacts of geographical factors and living environments on intestinal microbial
structure. At the phylum level, the dominant phyla shared among the three groups were
Pseudomonadota, Bacillota, and Bacteroidota. Wild groups exhibited higher Pseudomonadota
abundance compared to the captive group, whereas Bacillota was more prevalent in captive
individuals, aligning with previous findings on wild-captive microbiota divergence in forest musk
deer[35]. Pseudomonadota in ruminant gut microbiota modulates host immune function through
symbiotic metabolism, particularly via short-chain fatty acids (SCFAs) produced during high-fiber
degradation. These SCFAs enhance intestinal barrier integrity, suppress inflammation, and improve
energy extraction from low-nutrient vegetation[36,37]. Notably, Bacillota abundance differed
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between the two wild populations (W1: 15.69% vs. W2: 6.12%). As a core cellulose-degrading phylum,
Bacillota employs enzymatic systems to break down dietary fibers into SCFAs (e.g., acetate,
propionate, butyrate), thereby elevating host nutrient absorption efficiency[38]. Its enrichment is
often linked to diets rich in plant cellulose and hemicellulose, suggesting habitat-specific vegetation
and climatic conditions drive these variations. However, excessive Bacillota abundance is associated
with metabolic disorders, and its differential abundance across groups may reflect dietary
modulation in distinct environments[39]. Wild musk deer’s higher Pseudomonadota levels correlate
with their natural herbivorous diet[40]. Bacteroidota, possessing extensive carbohydrate-active
enzyme genes, aids in converting carbohydrates and proteins into SCFAs for energy while
maintaining gut homeostasis and immunity[23,41]. Conversely, a reduced Bacillota-Bacteroidota
ratio may predispose hosts to diarrhea[42].

At the genus level, Novosphingobium and Acinetobacter were dominant shared taxa in wild groups
(Chongqing and Hunan), both exhibiting robust lignin-degrading capabilities[43,44]. These genera
assist in converting ingested wild vegetation into assimilable carbon sources[45,46], thereby
facilitating degradation of plant secondary metabolites and environmental adaptation. Regional
divergence was observed in Mesorhizobium abundance, a genus traditionally associated with nitrogen
fixation in legume root symbiosis[47]. Its prominence in Hunan wild deer suggests a diet richer in
legumes or root tissues, potentially influenced by local vegetation and soil microbial communities.
Similar geographical drivers of gut microbiota variation have been reported in baboons[48]. In
contrast, Escherichia, Clostridium, and Enterococcus dominated captive individuals. While Escherichia
maintains gut microecological balance, its overgrowth under dysbiosis or immune dysfunction may
trigger gastrointestinal diseases[49], consistent with its role as a primary pathogen in captive musk
deer diarrhea[50]. Clostridium, a symbiotic genus with probiotic potential, mitigates inflammation,
strengthens intestinal barriers, and supports immune homeostasis[51,52]. Its growth is promoted by
arabinoxylan oligosaccharides but suppressed during intestinal inflammation[53,54]. Additionally,
Clostridium contributes crucially to cellulose and hemicellulose digestion[55]. Enterococcus
demonstrates antimicrobial activity and probiotic potential, reducing antibiotic-associated diarrhea
and enhancing immunity in captive diets[56,57]. These intergroup differences likely stem from
dietary disparities.

o- and B-diversity analyses indicated significantly higher gut microbiota richness in wild groups
than in captive individuals, consistent with prior studies[10,23,58]. Wild deer consume diverse
natural vegetation (herbs, woody plants, vines), whereas captive diets are homogenized, reducing
microbial diversity[59]. Diet-driven microbiota restructuring is well-documented across
species[7,8,60]. Between Chongging and Hunan wild groups, microbiota abundance differed
markedly, but a-diversity remained comparable. This suggests ecological factors (e.g., altitude,
vegetation, climate) drive abundance variations, while core microbial communities conserved across
the species maintain baseline diversity, regardless of habitat[61,62]. Such convergence may reflect
genetic constraints on core metabolic pathways[63]. KEGG functional annotation revealed that gut
microbiota genes were predominantly involved in six metabolic hierarchies, with “Metabolism”
(57.3%) as the dominant module, underscoring the centrality of carbohydrate and amino acid
metabolism in musk deer physiology[64]. Enrichment of pathways like translation, glycan
biosynthesis, and nucleotide metabolism in captive individuals likely reflects high-carbohydrate,
protein-rich artificial diets[65]. In contrast, wild groups’ functional distinctions in immunity, sensory
systems, and cardiovascular pathways highlight geographical drivers of microbial functional
divergence[66—68].

5. Conclusions

This study employed metagenomic sequencing to compare the gut microbiota of wild forest
musk deer (Moschus berezovskii) from Chongging and Hunan with captive populations, revealing the
impacts of geographical divergence and captivity on intestinal microbial communities. At the
phylum level, wild populations exhibited dominance of Pseudomonadota, with significantly higher

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.0393.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 June 2025 d0i:10.20944/preprints202506.0393.v1

9 of 13

abundance compared to captive individuals, while the enrichment of Bacillota and Bacteroidota in
captive groups highlights the selective pressures exerted by monotonous artificial diets on fiber-
metabolizing taxa. At the genus level, wild-specific Novosphingobium and Acinetobacter demonstrated
ecological adaptation advantages in lignin degradation of natural vegetation, whereas the abnormal
proliferation of Escherichia and Clostridium in captive groups may serve as risk indicators for intestinal
dysbiosis under confined conditions. Despite significant divergence in microbial abundance between
wild populations from Chongging and Hunan due to habitat-specific vegetation types, their core
microbiota diversity and carbohydrate metabolic functions exhibited convergence, potentially
stemming from the stability of core microbial communities essential for maintaining intestinal
physiology or conservative host genetic regulation of basal metabolic pathways. The specific
enrichment of translation, glycan metabolism, and nucleotide metabolism pathways in captive
individuals, alongside the dominance of immune regulation, environmental sensing, and disease-
related pathways in wild populations, collectively underscores how dietary differences shaped by
geographical environments and artificial rearing practices drive gut microbiota variation. These
findings provide a theoretical foundation for optimizing wild musk deer conservation strategies and
formulating scientifically informed feeding protocols for captive individuals. Limitations include the
methodological constraints of metagenomic sequencing in comprehensively dissecting microbial
functional traits, the cross-sectional design precluding causal inferences between
geographical/environmental factors and microbiota changes, restricted sampling from Chongging and
Hunan without accounting for individual deer factors, and insufficient exploration of microbial
functional mechanisms and their health implications. Future studies should integrate
transcriptomics, expand geographical sampling, delve into microbial functional mechanisms,
validate their impacts on musk deer health, and explore dietary and environmental interventions to
optimize microbial communities, thereby advancing the conservation and sustainable development
of this endangered species.
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