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Comparative analysis of the fecal
microbiota in Pere David’s deer
and five other captive deer
species

Caiquan Zhao, YuChen Yang, Peng Zhao and LiGe Bai*

College of Ecology and Environment, Baotou Teacher's College, Baotou, China

Introduction: Gut microbes are essential for host nutrition, immunity, and
development. Various factors influence the composition and function of the
gut microbial community. However, there is limited knowledge regarding the
comparison of gut microbiota across different deer species, particularly those in
the World Deer Park of Baotou (Inner Mongolia, China).

Methods: This study utilized 16S rRNA gene amplicon sequencing to analyze the
fecal microbiota and potential microbial function in Pere David's Deer (Elaphurus
davidianus), Sika deer (Cervus nippon), American Wapiti (Cervus canadensis),
Red Deer (Cervuselaphus), Fallow Deer (Dama dama), and Reindeer (Rangifer
tarandus).

Results and discussion: The findings indicated no significant differences in
alpha diversity, yet there was a noteworthy distinction in beta diversity among
the six deer groups. At the phylum level, the predominant bacteria in the deer
populations were Firmicutes, Bacteroidetes, and Proteobacteria. At the genus
level, 54 core bacterial microbiota were identified. The top four genera in AW,
FD, PD, and SD were Ruminococcaceae UCG-005, Rikenellaceae RC9 gut group,
RuminococcaceaeUCG-010 and Christensenellaceae R-7 group. The results of
the neutral model revealed that neutral processes predominantly governed the
gut microbiota community assembly in different deer species, particularly in
Pére David's deer. PICRUSt2 predictions showed significant enrichment of fecal
bacterial functions related to fatty acid, lipid, metabolic regulator, and amino acid
biosynthesis. This comparative analysis sheds light on the microbial community
structure, community assembly, and potential functions, offering improved
insights into the management and conservation of deer species, especially Pere
David's deer. Future research might focus on exploring metagenomic functions
and dynamics in wild settings or across different seasons using metagenomics
or metatranscriptomics.
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Introduction

The Pére Davids deer (Elaphurus davidianus, Milu in Chinese) is endemic to
China and is listed on the TUCN Red List as Extinct in the Wild (Jiang and
Harris, 2016). It was once widely distributed in the middle and lower reaches of
the Yangtze River, China. Pére David’s deer was first introduced to European in
1866 by Armand David (Pére David). This species became extinct in the wild in
China in the early twentieth century (Keqing, 1985). Fortunately, surviving deer
prospered in Britain and formed the basis for reintroduction to China in 1985 (Jiang
et al,, 2000). Initially, 77 descendants were reintroduced into China in captivity,
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but today, there are more than 6,000 Pére David’s deer spread over
70 regions throughout the country. However, the wild population of
Pere David’s deer is still smaller than that of other deer populations.
Pere David’s deer remains the national first-level protected species
in China. As the Pére David’s Deer population increases, disease
incidence has also risen, which has been proposed to be related
to infections of the gastrointestinal tract (Bahrndorff et al., 2016;
Yang et al., 2016a; Zhang et al., 2018). Therefore, further studies are
required to focus on the diet composition, metabolism, and energy
absorption of the Pére David’s deer for better conservation.

The gut microbiota of mammals has been increasingly
recognized as a key factor affecting host health, nutrition,
development, and productivity (Muegge et al, 2011; Holmes
et al., 2012; Yeoman and White, 2014). Gut microbiota has a
symbiotic relationship with their hosts and is an integral part of
animals (Adak and Khan, 2019). Host behavior has an impact
on symbiotic gut microbiota, including microbial community
formation, regulation of microbial composition at different life
history stages, and active control of microbial populations, and
facilitates a variety of physiological activities for the host, such
as nutrient absorption, metabolism, and immunity (Ezenwa et al.,
2012; Andoh, 2016). Unlike monogastric animals, ruminant guts
have a complex ecosystem, and bacteria are closely related to the
health of ruminants (Malmuthuge and Guan, 2017). Numerous
studies have confirmed that bacteria such as Pasteurella, pathogenic
Escherichia coli, Clostridium septicum, and Clostridium perfringens
are a serious threat to the survival of the deer, and they normally
infect Pére David’s deer in combination (Yapin, 1986; Qiu et al.,
2014; Fitzgerald et al, 2023; Prentice et al., 2024). Therefore,
studying the composition and structural characteristics of the gut
microbiota in different deer species allows us to assess and ensure
their health status and provide scientific guidance for the captive
conservation of Pére David’s deer.

The significance of identifying the gut microbial community
is that it provides the scientific basis for protecting endangered
animals. Previous studies have shown that the environment,
genetics, disease, and diet can affect the balance and health of the
gut microecology (Moeller et al., 2013; Waite et al., 2014; Kers et al.,
2018). The diet of Pere David’s deer varies in different breeding
areas and environments (Zhang et al., 2018). The gut microbiome
of Pére David’s deer in Dafeng potentially coevolved with the host
diet, reflecting local adaptation of the translocated population in
their new living environment (Wang et al., 2019). Furthermore,
a recent study indicated stark differences in the gut microbial
community composition between wild and captive Pére David’s
deer in Dafeng Nature Reserve (Sun et al., 2019a). Today, captives
are an effective conservation strategy that decreases the risk of
death by increasing the Pére David’s deer population. Therefore, it
is urgently necessary to understand the composition and function
of the gut microbiota in Pére David’s deer to provide an avenue for
exploring the potential exchange of microbiota between different
deer species and breeding areas.

Here, we performed a comprehensive analysis of the fecal
bacterial microbiota of six captive deer species (raised in the same
location with same diet), including Pere David’s Deer (Elaphurus
davidianus), Sika deer (Cervus nippon), American Wapiti (Cervus
canadensis), Red Deer (Cervus elaphus), Fallow Deer (Dama
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dama), and Reindeer (Rangifer tarandus), covering two national
first-level protected species in China and four common species
at the World Deer Park of Baotou (Inner Mongolia, China).
Fecal microbial composition was identified by 16S rRNA gene
amplicon sequencing and microbiota function was predicted using
PICRSUt2. The purpose of this study was to determine the fecal
microbial community composition and compare the potential
microbial function among deer species. This study enhances our
understanding of the gut microbiota in different deer species and
provides scientific data for Pere David’s deer conservation.

Materials and methods

Study objects and sample collection

All 30 fresh fecal samples were collected from six captive deer
species, including the national first-level protected species in China,
such as Pere David’s Deer (Elaphurus davidianus) and Sika deer
(Cervus nippon); common species of American Wapiti (Cervus
canadensis), Red Deer (Cervus elaphus), Fallow Deer (Dama dama),
and Reindeer (Rangifer tarandus) at the World Deer Park of Baotou
(Inner Mongolia, China) in winter (Supplementary Table 1). To
prevent soil contamination, only the middle layer of feces was
collected from these individuals. All sampled deer were adults, had
not recently been treated with antibiotics, and were confirmed to
be in good health. Samples were immediately transferred to 5-mL
sterile tubes and stored in liquid nitrogen. After collection, the
samples were sent to the laboratory and stored at —80°C until
further processing.

DNA extraction and sequencing

Genomic DNA was extracted from the fecal samples
using the CTAB method (Honore-Bouakline et al., 2003).
The extracted DNA was analyzed using a NANODROP LITE
(Thermo USA) to
DNA quantity and quality. We used the universal primers
(341F  [5-CCTAYGGGRBGCASCAG-3] and 806R [5-
GGACTACNNGGGTATCTAAT—?)/]) to amplify the 16S rRNA
gene V3-V4 region with a 6 bp barcode unique to each sample.
PCR was performed with 15 pL of Phusion High-Fidelity PCR
Master Mix (New England Biolabs), 0.2 wM forward and reverse
primers, and 10 ng template DNA. The PCR conditions were

spectrophotometer Scientific, evaluate

as follows: initial denaturation at 98°C for 1min, followed by
30 cycles of denaturation at 98°C for 10s, annealing at 50°C
for 30s, and extension at 72°C for 30s, and a final extension
step at 72°C for 5min. The PCR products were pooled and
purified using a Qiagen Gel Extraction Kit (Qiagen, Germany).
The Illumina TruSeq~ DNA PCR-Free Sample Preparation Kit
(Ilumina, United States) was used to produce sequencing libraries
according to the manufacturer’s recommended protocol. After
detection of library quality, samples were sequenced using the
Mlumina NovaSeq platform in 250 bp paired-end running mode.
The sequencing service was provided by Novogene Co. Ltd.
(Tianjin, China).
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Sequencing data processing

All raw paired-end sequences were imported into the QIIME2
pipeline (version 2020.8.0) (Bolyen et al, 2019). Primers were
removed using the Cutadapt plugin by “qiime cutadapt trim-
paired” (-p-minimum length 200). The DADA2 plugin (“qiime
dada2 denoise-paired”) was used to generate denoised feature
sequences (amplicon sequence variants, ASVs) and feature tables
(-p-trim-left-f 0 —p-trim-left-r 0 -p-trunc-len-f 235 -p-trunc-
len-r 220) (Callahan et al., 2016). Feature sequences with a
frequency < 4 were discarded using “giime feature-table filter-
features—p-min-frequency 4.” Reference sequences were extracted
from the SILVA database (release 132) using specific primers
for the 16S V3-V4 region using “qiime feature-classifier extract-
reads—p-min-length 200 —p-max-length 500” (Quast et al., 2013).
The Naive Bayes classifier was trained for taxonomic annotation
using the command line of “qiime feature-classifier fit-classifier-
naive-bayes.” ASVs assigned to mitochondria and chloroplasts
were excluded from the feature table (“qiime taxa filter-table-
p-exclude mitochondria, chloroplast”) and feature sequences
(“qiime taxa filter-seqs—p-exclude mitochondria, chloroplast”). We
used PICRUSt2 (Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States) software (https://github.
com/picrust/picrust2) to predict the functional abundance of the
microbiota (Douglas et al., 2020).

Statistical analysis

Alpha diversity indices of microbiota (Ace, Chaol, Simpson,
goods_coverage, and Shannon index) were calculated using the
command line of “qiime diversity alpha.” These indices were
compared between groups using the non-parametric Wilcoxon
rank-sum test. A principal coordinate analysis (PCoA) plot
was generated based on the Bray-Curtis distance. Permutational
analysis of variance (PERMANOVA) was applied to test group
differences based on the Bray-Curtis distance matrix using the
vegan package (Oksanen et al., 2007). Linear Discriminant Analysis
Effect Size (LEfSe) was used to test differences in taxa abundance
(LDA score > 3.0, p < 0.05) and functional abundance (LDA
score > 3.0, p < 0.05) (Segata et al, 2011). The Sloan neutral
community model has been used to assess the importance of
stochastic processes in gut microbiota assembly (Sloan et al,
2006). Being derived from Hubbell’s neutral theory (Hubbell, 2001),
Sloan’s model can recognize the competitive status of a species in
a community and is suitable for assessing a large population size
such as the microbiota community. Observed OTU distributions
and mean relative abundances in each of the five populations
were fit to this model using R code6, respectively (Burns et al.,
2016). To run these scripts, packages, including remotes, Hmisc,
devtools, mle, stats4, phyloseq, and DanielSprockett/reltools, were
installed and loaded. Logistic regressions were performed using the
presence/absence of taxa and partition types to identify taxa above
or below the indicated partitions. The average abundance of each
OTU across all caterpillar individuals in a population was fitted to
the neutral model using the parameter of migration rate (m), and
the fit of m for each population was assessed with a generalized
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R-squared. Taxa within 95% confidence intervals were considered
well predicted by the neutral model. To test the difference in
composition between the above and below partitions of the neutral
model, distance-based redundancy analysis was conducted on the
Jaccard indices (Heys et al., 20205 Li et al., 2022b).

Results

Diversity of fecal microbial communities of
six deer species

After quality control, 1,939,525 valid sequences were obtained
from all samples, averaging 62,565 + 8,444 (mean & SD) per sample
(Supplementary Table 2). The rarefaction curve demonstrated that
we achieved sufficient sequence depth to accurately characterize
the fecal bacterial community in deer, as reflected by the
number of observed features, as well as the Shannon and goods
coverage indices (Supplementary Figure 1). To assess the diversity
of fecal microbiota among different deer species, we conducted an
alpha diversity analysis using various indices, including observed
features, Shannon, goods coverage, ACE, Simpson, and Chaol
indices (Figures IA-C and Supplementary Figure 2). The results
indicated that alpha diversity did not significantly vary among
the six deer species. Despite this lack of significant difference
in alpha diversity, non-metric multidimensional scaling (NMDS)
analysis based on ASV- and genus-level data revealed species-
specific diversity of fecal microbial communities, using Bray-Curtis
dissimilarity (Adonis, p = 0.001) (Figures 1D, E). Moreover, Venn
diagram and UpSetR analysis showed that different deer species
harbor unique enrichments of gut microbiota at the ASV and
genus levels (Figures 1F, G). Notably, Pére David’s deer exhibited
a remarkable 53 genera of gut microbiota unique to its species.

Comparison of fecal microbial
communities of six deer species

All ASVs were classified into 24 phyla, 41 classes, 83 orders,
135 families, and 322 genera, including unclassified entries.
We examined the bacterial composition of fecal samples at
both the phylum and genus levels. Among the identified phyla
in the fecal microbiota of six deer species, the predominant
groups, constituting over 98% of the total bacteria, were

(63%), (26.69%),
Verrucomicrobia Euryarchaeota

Firmicutes Bacteroidetes Proteobacteria
(2.68%), (2.10%), (1.93%),
and Spirochaetes (1.65%) (Figure 2A; Supplementary Table 3).
The abundance of Proteobacteria was significantly higher in
the PD group compared to other groups, while Bacteroidetes
showed the opposite trend. At the genus level, we identified
54 core bacterial genera with an average relative abundance
exceeding 0.2%. In the AW, FD, PD, and SD groups, the top
four genera were Ruminococcaceae UCG-005 (12.83%, 12.52%,
11.87%, and 14.21%, respectively), Rikenellaceae RC9 gut group
(7.63%, 7.55%, 8.27%, and 7.94%), Ruminococcaceae UCG-010
(7.11%, 7.55%, 5.79%, and 7.57%), and Christensenellaceae
R-7 group (6.98%, 4.90%, 4.90%, and 7.67%) (Figure 2B). The
RD group was dominated by Ruminococcaceae UCG-005
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Alpha and beta diversities of fecal microbiota among the six deer species. Violin plots depicting differences in ASV richness among different deer
species using the observed features index (A), Shannon index (B), and goods coverage index (C). Non-metric multidimensional scaling analysis
(NMDS) based on the Bray—Curtis dissimilarity matrix. This visualization demonstrates the dynamic changes in the gut microbiota composition of
different deer species at the ASV (D) and genus (E) levels. Venn diagram of ASVs and genera overlapping across six deer species based on ASV (F) and
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(11.02%), Rikenellaceae RC9 gut group (7.15%), Bacteroides
(6.69%), and Christensenellaceae R-7 group (5.75%), while
in the RT group, the leading genera were Ruminococcaceae
UCG-005 (10.81%), Rikenellaceae RC9 gut group (8.96%),
Christensenellaceae R-7 group (8.76%), and Ruminococcaceae
UCG-013  (4.38%) (Figure 2B).
Succinivibrio, Paenibacillus, and Anaerovibrio were significantly

Among the core genera,
more enriched in the PD group compared to other groups,
whereas Bacteroides and Enterococcus showed a significant
depletion in PD compared to their abundance in the AW, FD, and

RD groups.

NCM described the frequency distributions
of gut microbial communities in difference
deer species

Variations in NMDS diversity among the gut microbial
communities of deer may be attributed more to neutral processes
than to deterministic ones. To evaluate the significance of
neutral processes in the assembly of the deer gut microbiome,
we applied a neutral model to the dataset. The frequency
distributions of most ASVs within each deer population conformed
to the predictions of the neutral model (Figures3A-F). The
PD group (57.3%) exhibited a greater relative contribution
from stochastic processes compared to the FD (55.2%), AW
(54.1%), RD (52.1%), SD (52%), and RT (47.7%) groups. A
higher R® value in the NCM not only indicates a better fit
of the model to the gut microbial community data but also
underscores the greater role that neutral processes play in shaping
the community.

Difference in fecal microbial communities
of six deer species

To further determine the microbial taxa that best explained
the differences between the six deer species, we conducted a
LEfSe analysis (Figure 4A). The results indicated that in the SD
group, Ruminococcus, Lachnoclostridium, and Saccharofermentans
had significantly higher abundances compared to the other
groups. In the RT group, Olsenella, Prevotellaceae, Prevotella,
Ruminococcaceae, Methanobrevibacter,
Candidatus

significantly more prevalent. Phascolarctobacterium, Bacteroides,

Lachnospiraceae,

saccharimonas, and  Christensenellaceae  were
Candidatus Soleaferrea, Ruminobacter, and Akkermansia were also
more abundant in this group. The PD group showed significantly
higher levels of Escherichia_Shigella, Cellulosilyticum, Paenibacillus,
than

the other groups. Furthermore, the FD group contained a

Methanocorpusculum, Anaerovibrio, and Succinivibrio
greater diversity of unique bacteria, including Paeniclostridium,
Treponema, Oscillibacter, and Lachnospiraceae. In the AW group,
Mailhella, Ruminococcaceae, Ruminiclostridium, Enterococcus,
and Tyzzerella were notably more abundant (LDA > 3.0, P
< 0.05). The cladogram highlighted significant differences in
the gut microbial composition across the different deer species

(Figure 4B).
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Potential function of the fecal microbiota
of six deer species

Based on the PICRUSt2 function prediction results, the
functional abundance of Pathway, COG, EC and KO levels was
analyzed by non-metric multidimensional scaling (NMDS) of
fecal microbiota of six deer species (Supplementary Figure 3).
The results indicated a distinct separation of EC-Pathway
biomarkers for the PD and SD groups from the other four
groups (Figure 5A). Additionally, among the top 50 differential
biomarkers, the PD group (24 pathways) and SD group (20
pathways) exhibited a significantly higher number of enriched
differential pathways compared to the other groups (Figure 5B).
In the PD group, the predominant functional pathways included
fatty acid and lipid biosynthesis, metabolic regulator biosynthesis,
l-alanine biosynthesis, I-methionine biosynthesis, and other amino
acid biosynthesis pathways. In contrast, the SD group showed
enrichment in pathways related to amino acid biosynthesis,
nucleoside and nucleotide biosynthesis, secondary metabolite
biosynthesis, and several super pathways. Furthermore, correlation
analysis was conducted between the top 50 KEGG functional
pathways identified by LEfSe analysis and the relative abundance
of the top 50 genera (Figure 5C). The results revealed that in the
PD group, the enriched functional classes were primarily super
pathways and those involved in the biosynthesis of fatty acids
and lipids. The SD group was characterized by enrichment in
super pathways, amino acid biosynthesis, precursor metabolite
generation, and energy pathways. The other deer species also
showed enrichment in several pathways shared with the PD and
SD groups.

Discussion

Interest in the fecal bacterial microbiota of animals has surged
due to its crucial role in nutrition, health, development, and
productivity. Both the host species and living environment have
been suggested as major factors modulating the gut microbial
composition of mammals. Pére David’s deer, a highly endangered
species native to China, is often kept in captivity with the goal
of reintroducing it into the wild. Therefore, we selected six deer
species, including Peére David’s deer, to investigate differences in
their fecal microbial communities.

In this study, we employed 16S rRNA Illumina MiSeq high-
throughput sequencing technology to compare the core fecal
microbiota of Pere David’s Deer, Sika deer, American Wapiti,
Red Deer, Fallow Deer, and Reindeer and analyzed the diversity
of their microbial communities. Although these deer live in the
same captive environment and consume a commercial corn-
soybean basal diet, their gut microbial compositions are distinct.
Our observations showed that while alpha diversity was similar,
there were significant differences in NMDS diversity, indicating
consistent species richness and evenness within the fecal microbial
communities among the six deer groups, yet substantial diversity
in their fecal bacterial profiles. Our data revealed that Firmicutes,
Bacteroidetes, Proteobacteria, and Verrucomicrobia were the
predominant phyla. Firmicutes were mainly represented by
Clostridia, Mollicutes, Thermolithobacteria, Bacilli, Negativicutes,
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and Erysipelotrichia with Clostridium, Roseburia, Lactobacillus,
Ruminococcus, and Faecalibacterium being the most studied genera
(Jandhyala et al., 2015; Ndeh and Gilbert, 2018). These genera not
only supply energy to hosts through the metabolism of sugars,
fatty acids, and carbohydrates, but they also play a critical role
in human homeostasis by degrading dietary fiber (Flint et al,
2008; Tap et al., 2009; Sun et al., 2023). The main function of
Bacteroides is the metabolism of polysaccharides and bile acids,
aiding in protein synthesis and enhancing host immune function
(Hooper, 2004; Bickhed et al., 2005). It has been reported that
the richness of Bacteroides in the Bacteroidaceae family decreases
in the gut microbiota of Pére David’s deer after consuming a
soybean-rich diet (Zhang et al., 2018). Consistent with previous
findings, our research showed that the Bacteroidetes in the gut
microbiota of Pére David’s Deer have lower relative abundances
compared to other deer, possibly due to their soybean-rich diet.
Additionally, Studies have shown that high-starch and fat diets can
lead to a considerable increase in the abundance of Proteobacteria
in the intestinal tract of Sichuan Alpine musk deer, rabbits, mice,
and obese children (Zhu et al., 2015; Méndez-Salazar et al., 2018;
Jeong et al., 2019; Zhang et al, 2023). Previous studies have
found that carnivorous raptors, considered pathogen vectors, have
high relative abundances of Proteobacteria in their intestinal flora
(Zhou et al, 2020; Zhao et al, 2022). Many microbes within
Proteobacteria are known zoonotic pathogens, such as Escherichia,
Shigella, Salmonella, and Klebsiella, which can cause intestinal
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diseases in animals or diarrhea in humans (Kotloff et al., 2013;
Nyaoke et al., 2020; Yan et al., 2021). Pathogens associated with
Enterobacteriaceae, a family within Proteobacteria, were found to
predominate in the gut microbiota of Pére David’s deer. Shigella,
a group of gram-negative bacteria that cause bacillary dysentery
in humans and primates, was notably prevalent (Qasim et al,
2022). These findings collectively suggest that Pére David’s deer
may suffer from intestinal inflammation. In the fecal microbiota of
other deer species, phyla such as Tenericutes, Actinobacteria, and
Cyanobacteria were identified as commensal bacteria, primarily
influenced by diet. Referring to the above results, it is clear
that different dietary preferences have a significant impact on
the diverse gut microbial composition of different deer species.
Although captives are an effective conservation strategy for Pére
David’s deer population recovery, some potential health risks
cannot be ignored, such as reduced cellulose degradation capacity
microbes, decreased nutrient absorption efficiency and increased
potential pathogenic bacteria. To reduce the risk of maladaptive
factors due to captive conservation, the proportion of dietary
fibers should be appropriately increased to help Pére David’s
deer maintain a stable and health intestinal flora under artificial
environment. Intestinal health is a critical factor regulating health,
and the dynamic equilibrium between intestinal bacteria and
the body affects digestion, metabolism, nutrient absorption, and
immunity (Nicholson et al., 2012; Ottman et al, 2012; Zhang
et al., 2023). To improve captive breeding strategies, more studies
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FIGURE 3
Fit of the neutral model to the gut microbial community. Goodness of fit of the neutral model for AW (A), FD (B), PD (C), RD (D), RT (E), and SD (F).
This model provides estimates of ASVs occurrence given its abundance according to the best-fit neutral model, represented by a solid curve, and the
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The R2 value indicates the goodness of fit of the neutral model. The value ranged from 0 (no fit) to 1 (perfect fit). Nm indicates the product of
metacommunity size (N) and migration rate (m), quantifies estimates of dispersal between communities, and determines the correlation between
occurrence frequency and relative regional abundance.

are still required to find ideal ways of dietary choices similar
to wild, which will play an important role in the conservation
of Pére David’s deer. Moreover, the original living environment,
host evolutionary history, and dietary habits also affect the gut
microbiota composition of deer (Wang et al., 2023). Nonetheless,
further exploration is still necessary to ensure taxonomic accuracy
due to the low resolution of amplicon sequencing.

The analysis of the neutral model provides new insights into
the stochastic assembly process of gut microbiota communities.
The neutral theory of biodiversity serves as a mechanistic model
for predicting species coexistence and biodiversity patterns within
ecological communities (O'Dwyer et al.,, 2015). Initially developed
to predict communities of large organisms like animals and plants,
it has recently been applied to the ecology of gut microbial
communities (Heys et al., 2020; Li et al, 2022b; Zhu et al,
2022). According to the neutral theory, stochastic processes—
independent of host traits—play significant roles in shaping the
composition of microbial communities within an individual host.
Previous studies have demonstrated that the gut microbiomes of
Drosophila and Cotton Bollworm align well with the predictions of
the neutral model (Adair et al., 2018; Li et al., 2022b). Similarly,
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neutral processes also dominated the gut microbial community
assembly in Atlantic Salmon, Salmo salar (Heys et al, 2020).
In the present study, six deer species exhibited a high relative
contribution of neutral processes in the assembly of their gut
microbial communities, with Pére David’s deer showing the highest
relative involvement. This may be attributed to the fact that
Pere David’s deer have been kept in captivity for shorter periods
compared to other species. Studies have also shown that captivity
reduces the stochastic processes involved in the assembly of gut
microbiota communities in white-lipped deer (Li et al.,, 2022a).
This could explain why restoring Peére David’s deer populations
in the wild is challenging; their wild populations remain smaller
than those of other deer species. This study highlights that neutral
processes are predominant in the assembly of gut microbiota
communities across different deer species, particularly in Péere
David’s deer. Although the Neutral Community Model (NCM) is
well applied, some deterministic factors on the composition of gut
microbiota cannot be ignored, such as host genetics, dietary habits
and original living environment. The host genes play a crucial role
in shaping the composition and structure of the gut microbiome.
The gut microbiome co-evolve with the host and can be stably
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transmitted to subsequent generations. Previous studies on inbred
mice have shown that the gut microbiome is primarily transmitted
through vertical transmission (Moeller et al., 2018). Furthermore,
studies on hybrid offspring of sika deer (Cervus nippon) and
elk (Cervus elaphus) have shown that the rumen microbiome
differs from that of their parents, suggesting a significant effect of
host genetics on the rumen microbiome may stem from vertical
transmission (Li et al,, 2016). These results demonstrated that
host genetics play an important role in the formation of gut
microbiome. Additionally, dietary differences in different living
conditions, including seasonal changes, geographical locations,
and captivity, can also cause changes in gut microbiota. Studies
on white-lipped deer have shown that the diversity and richness
of the gut microbiota in the grassy season was higher than
those of the withering season (You et al., 2022). For the white-
lipped deer population, sufficient and diverse fresh plant-derived
food is available in the grassy season; however, food resources
and choices are relatively limited in the withering season due
to severe weather conditions. The results indicate that white-
lipped deer had higher abundances of Firmicutes, Patescibacteria,
and Bacteroidota in the grassy season, and higher abundances
of Proteobacteria and Actinobacteria in the withering season.
Furthermore, diet changes due to geographical locations can
also affect the composition and structure of gut microbiota. The
intestinal flora compositions of forest musk deer from Sichuan
(subtropical monsoon climate) and Qinghai (highland continental
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climate, higher latitude, and lower temperature than Sichuan) differ
significantly (Liu et al., 2019). Moreover, the Pére David’s deer
populations living in Beijing (semihumid monsoon climate, higher
latitude) and Shishou (subtropical monsoon climate, and higher
temperature than Beijing) harbor very different gut microbiota,
with the gut microbiota of deer in Beijing exhibiting a higher
Firmicutes/Bacteroidota ratio than that of deer in Shishou (Zhang
et al, 2018). Besides, comparative analysis of several studies
on captive and wild deer revealed that the gut microbiota
structure is very different. The relative abundance of Firmicutes
is significantly higher in wild deer species than in captive ones,
while the relative abundance of Bacteroidetes exhibits an opposite
trend (Wang et al, 2023). The difference in gut microbiota
between wild deer and captive deer populations may be due to
the fact that wild deer species can obtain a diverse high fiber
diet, while captive deer species mainly consume formula diets
containing high starch, carbohydrate, and protein concentrations.
Notably, the relative abundance of Proteobacteria in captive Sika
deer and White-lipped deer is higher than that in wild Sika
deer. This further indicates the impact of artificially formulated
diets on the gut microbiota structure of captive deer species.
Therefore, the results reveal that although stochastic processes
were dominate in different deer species, deterministic processes
such as host genetics, dietary habits and living environment
were also found to play a crucial role in the assembly of
gut microbiota.
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Prediction of microbial function. Non-metric multidimensional scaling (NMDS) ordinations based on Bray—Curtis distances and Bonferroni based on
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In this study, we investigated the impact of gut microbes on
the functional pathways of various deer species. Our comparative
analysis of intestinal bacteria functions across different deer
revealed significant distinctions in their functional composition,
closely linked to the predominant microbial species in each
deer. Using PICRUST2 analysis, we found marked differences
in the intestinal floras functional composition among the deer
(adonis P < 0.05). The LEfSe differential pathway analysis and
Sankey diagram demonstrated that Sika deer and Pére David’s
deer had a higher number of EC-pathways compared to other
deer species. Functional analysis based on the KEGG database
indicated that intestinal microbiota could affect fatty acid and lipid
biosynthesis, cofactor, carrier, and vitamin biosynthesis, amino
acid biosynthesis, secondary metabolite biosynthesis, and other
biosynthesis pathways, as well as superpathways of amino acid
metabolism, further indicating that intestinal microbiota have
a certain regulatory effect on the biosynthesis and substance
metabolism. The most abundant branched-chain amino acids
(BCAA), valine, isoleucine, and leucine are essential amino acids
synthesized by plants, fungi, and bacteria, especially members
of the gut microbiota. They play a crucial role in maintaining
homeostasis in mammals by regulating protein synthesis, glucose
and lipid metabolism, liver cell proliferation, and immunity (Tajiri
and Shimizu, 2018). BCAA catabolism is crucial for controlling
thermogenesis in brown adipose tissue. It occurs in mitochondria
through the SLC25A44 transporters and helps improve metabolic
status (Yoneshiro et al,, 2019). In addition, supplementation of
mice with a mixture of BCAAs promotes a healthy microbiota with
an increase in Akkermansia and Bifidobacterium and a decrease
in Enterobacteriaceae (Yang et al, 2016b). The gut microbiota
is a modulator of BCAA levels, as it can both produce and use
BCAAs. Prevotella, which has high relative abundance in RT, can
degrade hemicellulose, pectin, and simpler carbohydrates such
as those expected in fruits and low complexity fiber resources
to produce BCAAs (Russell and Baldwin, 1979). Moreover, the
genera found in our study, such as Clostridium, Ruminococcus,
and Roseburia, can degrade fibers to produce SCFAs and organic
acids (Koh et al., 2016). SCFA mainly includes propionate, butyrate,
and acetate, which are the main anions in the intestine and can
be rapidly absorbed by colonic epithelial cells. Propionic acid is
mainly consumed by the liver for gluconeogenesis; Butyrate is
the preferred energy source for colon cells; A large amount of
acetate enters the systemic circulation for lipid generation (Pomare
et al, 1985; Scott et al, 2008). Studies on the gut microbiota
of wild and captive Alpine Musk Deer shown that more SCFAs
can increase rate of nutrient uptake from the food in wild deer
population, and SCFAs are thought to be responsible for ~50-
70% of ruminant energy supply (Bergman, 1990; Sun et al., 2019b).
Succinivibrio, a genus found in high abundance in Peére David’s
deer, plays a role in various metabolic and biosynthetic pathways.
This starch-degrading bacterium primarily produces acetate and
succinate. Its high abundance might be associated with Pére
David’s deer consuming diets rich in starch, such as grains and
legumes. Similarly, a study by Tariq Shah et al. on yak fecal
microbiota reported that the high-concentrate diet group showed
a significantly higher abundance of Succinivibrio compared to the
natural grazing group consuming diverse herbage (Shah et al,
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2022). Additionally, Paenibacillus is another crucial player in the
biosynthetic and metabolic pathways in Pére David’s deer. This
genus produces valuable molecules, including exo-polysaccharides
(EPS) and enzymes such as amylases, cellulases, hemicellulases,
lipases, and pectinases, which can aid digestion and absorption
(Grady et al, 2016). Our correlation heatmap analysis of the
top 50 genera and pathways also identified Pseudomonas as a
participant in these pathways in both PD and RT. Pseudomonas
aeruginosa, a species within the Pseudomonas genus, is a Gram-
negative bacterium known for its role as an opportunistic pathogen.
As a common opportunistic pathogen, P. aeruginosa is highly
prone to chronic infection and is nearly impossible to eradicate,
particularly due to virulence factors and adaptive mutations (Jin
et al., 2024). Based on our analysis and the observed abundance
of Proteobacteria (Figure 2B), we speculate that Pére David’s deer
may be susceptible to enteritis or diarrheal diseases. Consequently,
we recommend increased focus on gastrointestinal health in captive
animals, particularly endangered species like Pere David’s deer.

In conclusion, we conducted a thorough examination of the
fecal microbiota, neutral model, and microbiota function across
different groups of captive deer using amplicon sequencing and
multi-statistical analysis. We found that the variations in microbial
community composition, function, and community assembly are
not only related to neutral processes, but also to the unique genetic
background, dietary preferences, and living environment of each
host species. However, there are several limitations to this study
that should be addressed: (i) the sample size of captive deer should
be increased; (ii) the sample size of wild deer should also be
expanded; and (iii) advanced technologies such as metagenomics
or metatranscriptomics should be utilized to delve deeper into
microbial functional genes, especially those of pathogens. In
summary, this study on fecal bacterial microbiota in various deer
groups offers valuable insights into microbial diversity and provides
theoretical knowledge beneficial to the conservation efforts of
endangered species.
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