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Abstract 

The composition and function of animal gut microbiota are shaped by various factors, among which diet is one 
of the major factors. Diet is affected by seasonal shifts and geographical differences, which in turn impact the host’s 
nutritional levels. To adapt to these environmental changes, the gut microbiome often produces matching responses. 
Understanding the relationships among the environment, diet, host and the gut microbiome is helpful for explor-
ing the environmental adaptation of wildlife. Here, we chose wild sika deer (Cervus nippon), which is composed 
natural allopatric populations, to explore how the environment shapes the gut microbiome and affects the relation-
ship between microbiota composition and function and the mutual adaptation of the seasonal living environment 
to seasonal dietary changes. To this purpose we used DNA metabarcoding, 16S RNA gene amplification sequenc-
ing, metagenomic shotgun sequencing and nutritional analyses to comprehensively examine the relationships 
among the forage plant, nutrient status and host gut microbiome. Our analyses showed spatiotemporal differences 
in diet between the Tiebu and Hunchun regions, which ultimately led to varying intakes of protein, cellulose, and sol-
uble sugar. The microbiome composition and function showed unique characteristics in each group, and significant 
differences were detected at the gene level for the protein absorption and metabolism pathway, the carbohydrate 
metabolic absorption pathway, and cellulase enzyme function, which are related to nutrition. We also found differ-
ences in the pathogenic bacteria and resistance mechanisms genes of the gut microbiota in different groups. Our 
results showed that the gut microbiome of allopatric populations adapts to changes in food composition and nutri-
tion in different seasons and areas to help the host cope with spatiotemporal changes in the living environment. At 
the same time, varying levels of human activity can have potential health impacts on wild animals.
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Introduction
Animals often adopt flexible survival strategies to face 
a variety of survival challenges, such as diseases, energy 
and nutritional deficiencies and external interference [17, 
55, 62, 64]. The gut microbiota, as a plastic entity, can 
respond to different environmental factors and it is criti-
cal in the adaptation process between the host and the 
environment [11]. As host symbionts, the gut microbiota 
members change more quickly and can be regulated in 
more ways than the host genome, thus resulting in novel 
evolution of the holobiont to adapt to specific environ-
mental conditions [86]. Thus, studying the potential 
connections between host habitat and the gut microbi-
ome can advance the understanding of host-gut microbe 
coevolution and might provide useful information for 
wildlife conservation [1, 51].

The composition and function of gut microbiota can 
be affected by many factors, such as the host’s phylogeny, 
physiological state, living environment, eating habits and 
social structure [5, 12, 38, 54, 65], and the gut microbi-
ota responds to environmental changes to help the host 
adapt by influencing nutrient uptake, immune health, 
and physiological metabolism [30, 31, 35, 37, 81]. There 
is a great amount of evidence showing that environ-
mental differences shape the gut microbiome in animals 
[13, 15, 51]. For example, declining sea ice levels divide 
polar bear population into “onshore bears” and “offshore 
bears”, and the different habitat preferences of polar 
bears affect the gut microbiota diversity, with “onshore 
bears” having greater diversity than “offshore bears” [72]. 
The gut microbiota of urban coyotes (Canis latrans) is 
rich in Streptococcus and Enterococcus, but that of rural 
coyotes is rich in Fusobacteria, Sutterella, and Anaero-
biospirillum, which are associated with the different 
body conditions of the coyotes [63]. Studies have shown 
that large-scale geographical differences can also lead 
to changes in the gut microbiome [56, 71]. Among the 
six different Chinese rhesus macaque populations, the 
Tibetan population show a greater abundance of Firmi-
cutes and a lower abundance of Bacteroidetes than the 
other geographical groups to help the host adapt to the 
high-altitude environment [84]. A study mapped beta 
diversity in the gut microbiota of 136 pairs of animals 
across the Americas by comparing the gut microbiota of 
sympatric and allopatric mammalian populations. The 
findings revealed that each group displayed a unique gut 
microbiota composition [52]. Even in the same area, sea-
sonal shifts can lead to changes in habitat and diet, which 
can affect the community of the gut microbiome [69].

Diet is often a crucial determinant of the gut microbi-
ome in different environments [16, 21]. Dietary changes 
affect nutrient access and lead to changes in the gut 
microbiome structure [22]. Animals adjust their eating 

habits according to changes in food resources, and they 
often consuming a wider variety of food and nutri-
ents during food-rich seasons but relatively limited 
choices in the withering season, which further affects 
the microbial community in the body [78]. For exam-
ple, the gut microbiome of wild black howler mon-
keys (Alouatta pigra), depending on its composition 
and activity, provides additional energy and nutrients 
to compensate for changes in diet caused by seasonal 
changes [2]. The functions of the gut microbiome, 
which has diverse metabolic pathways associated with 
cellulose degradation and short-chain fatty acid (SCFA) 
production, of the skywalker hoolock gibbon (Hoolock 
tianxing) were enriched in the high-leaf period [42]. 
Additionally, in herbivores, the gut microbiome can 
help the host digest indigestible nutrients and toxic 
substances [37, 57]. Human interference with habitats 
can alter the composition of gut microbiome in ani-
mals, potentially impacting their health. Habitats with 
varying levels of human interference can influence ani-
mals’ access to food, thereby affecting their gut micro-
bial diversity [51]. Wild animal species that are more 
sensitive to human activities are also more susceptible 
to gut microbiota [3].

Researchers have generally focused on seasonal shifts 
or geographical scales to explore the response of the 
gut microbiome to the environment, while few stud-
ies have comprehensively considered spatiotemporal 
differences. Studies on large-scale geographical differ-
ences in ungulates have focused mainly on livestock [6, 
25, 48]. In the case for endangered ungulates, research-
ers have generally focused on the differences between 
captive and wild populations [14, 20, 47, 70, 79]. Only 
a few studies have explored spatiotemporal changes in 
the gut microbiome of large herbivores within short 
geographical distances [16, 68]. Based on previous stud-
ies, we selected sika deer as a model species to explore 
the spatiotemporal response of the gut microbiome of 
endangered herbivores to the environment. Sika deer 
(Cervus nippon) is a mixed-diet herbivore that changes 
food choices according to changes in the environment 
[32]. In China, wild sika deer have undergone a long 
history of differentiation into several wild populations 
living in completely different habitats [27]. Liu et  al. 
[45] sequenced 351 base pairs (bp) of the mitochondrial 
control region from 37 sika deer collected from Jilin 
(Northeast China population), Sichuan (Sichuan popu-
lation), Anhui and Jiangxi (South China population), 
revealing significant population subdivision among sika 
deer in Mainland China. There has been considerable 
geographical isolation among these populations, limit-
ing the potential for gene exchange. However, different 
populations of sika deer in Mainland China cannot be 
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classified into evolutionarily significant units (ESUs). 
Sichuan population shared haplotype with Northeast 
China population (Fig. 1b, c).

We chose the Sichuan population and the Northeast 
China population as our research subjects. These two 
populations are located in distinct protected areas, each 
facing different habitat conditions and levels of human 
interference. This makes them ideal subjects for studying 
the adaptation of the gut microbiome of large wild ani-
mals to their living environments. We hypothesized that 
differences in habitat and phenology would influence diet 
composition, and that the gut microbiome function of 
wild sika deer would change across regions due to differ-
ences in food nutrition. Furthermore, we anticipated that 
the pathogens might differ based on the extent of human 
interference. To verify the above assumptions, we com-
bined 16S RNA gene amplification sequencing, metabar-
coding technology, metagenomic shotgun sequencing, 
and nutritional analyses to explore the response of the 

gut microbiome composition and function to the envi-
ronment of sika deer.

Materials and methods
Study areas, animals and sampling
Our study area was in the Tiebu Nature Reserve 
(102°56′ ~ 103°10′E, 34°00′ ~ 34°11′N) in Ruoergai 
County, Sichuan Province, and National Tiger and Leop-
ard Park (30°17′ ~ 131°14′E, 42°24′ ~ 43°28′N) in Hun-
chun city, Jilin Province (Fig. 1a). The population of wild 
sika deer in the Sichuan region is the largest population 
in China, inhabiting high-elevation environments that are 
complex, mostly mountain scrub meadows, forest scrub 
meadows, subalpine scrub meadows, valley scrub mead-
ows and forest edge farmland habitats [26]. With respect 
to wild sika deer in Northeast China, the Hunchun region 
has a coastal mid-temperate maritime monsoon climate, 
and at lower altitudes, broad-leaved forest is the main 
vegetation type [77]. The Tiebu Nature Reserve is located 

Fig. 1  Basic information about wild sika deer. a The study area of wild sika deer in China, namely, Tiebu Nature Reserve (Sichuan population) 
and Hunchun Nature Reserve (Northeast China population). The photo shows the differences in living environments between the two populations. 
b Phylogenetic relationship of sika deer mtDNA control region haplotypes reconstructed on the basis of the maximum likelihood algorithm with C. 
elaphus as the outgroup. The bubble plot represents the frequency with which haplotypes appear in the group, Northeast China population (red), 
Sichuan population (green), South China population (yellow), Figure is modified from Liu et al. [45]. c Minimum spanning network for haplotypes. 
The circle size is proportional to the number of individuals bearing that haplotype. Nucleotide transitions and transversions are indicated by dashes 
respectively (Only one transition between haplotypes is not marked), Figure is modified from Liu et al. [45]
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in the pastoral area, providing greater opportunities for 
sika deer to come into contact with humans. In contrast, 
the Hunchun region of the National Tiger and Leopard 
Park, located along the border, is sparsely populated due 
to management policies (Fig. 1a).

We collected faecal samples during the green grass 
period (July to October) and the withered grass period 
(November to January) from 2020 to 2021. During the 
collection period, sika deer moved in groups. To avoid 
repetition during sample collection, we examined the 
activity areas of the different sika deer groups. The 
groups could be distinguished by the characteristics of 
the antlers and the white spots of the coats. After observ-
ing the defecation of the animals, we collected samples. 
Faecal samples with different morphological characteris-
tics were collected from different groups, and when mul-
tiple faecal samples were present within a close range, 
only one faecal sample was collected. Sterile disposable 
PE gloves and sterile sampling bags were used to col-
lect the samples, and only fresh samples were collected 
for identification based on their moist surfaces. All sam-
ples were transported and stored in dry ice and frozen at 
−  40  °C. PCR was used for sex detection, and different 
sex samples from one group were selected for this study 
to ensure that the collected samples did not come from 
one individual [76].

Diet analyses
DNA extraction and DNA amplification
35 faecal samples (green season group included female 
12 and male 3; withered season group included female 
12 and male 8) from the Tiebu region and 37 faecal sam-
ples (green season group included female 16 and male 
4; withered season group included female 11 and male 
6) from the Hunchun region were used to diet analyses. 
Total DNA was extracted from the faecal samples using a 
commercial reagent kit for the extraction of faecal DNA, 
namely, the MP Biomedicals SPIEasy DNA Kit for Faeces 
(MP Biomedicals). The DNA extracts were recovered in 
a total volume of 150 μL. We selected the psbCL primers 
to amplify chloroplast genomic fragments (Supporting 
Information Table 1). These primers have been shown to 
have high taxonomic coverage and discriminative capac-
ity for vascular plants and have been applied to the study 
of animal eating habits [60, 74, 75].

The PCR parameters were as follows: predenaturation 
at 95 °C for 5 min; 45 cycles at 95 °C for 30 s, 45 °C for 
30 s, and 72 °C for 30 s; and a final extension at 72 °C for 
10  min [75]. The follow-up experiments were carried 
out with only PCR products of the correct size and at a 
suitable concentration. The library was constructed and 
sequenced on the Illumina MiSeq platform (Shanghai 
Majorbio Biopharm Technology Co., Ltd.).

Processing of sequence data and sequence analysis
Sequence processing was completed on the Majorbio 
Cloud Platform (www.​major​bio.​com) [59]. We used 
fastp (version 0.19.6) to quality control, FLASH (version 
1.2.7) to merge reads, and the DADA2 method to denoise 
the data and obtain the ASV sequence [10]. Consider-
ing the differences in plant species in different regions, 
we processed and analysed data samples from the Tiebu 
and Hunchun regions separately. The effective ASV 
sequences obtained were subjected to a BLASTN search 
(http://​www.​ncbi.​nlm.​nih.​gov/​BLAST/​Blast.​cgi) to com-
pare each ASV sequence with the available sequences 
in nt/nr database, and species identification was carried 
out according to sequence similarity. For plant sequence 
identification, we referred to the steps of Xiong et al. [75] 
and made several adjustments: (1) we considered only 
the alignment results with coverage and percentage of 
identity greater than 90%; (2) when the query sequence 
matched the single species sequence in the database and 
the consistency was ≥ 99% and the species distribution 
conformed to the result, the query was assigned to the 
species; (3) when a query matched more than one species 
sequence and the consistency was ≥ 90% and the distribu-
tion of multiple species was consistent with the results, 
the optimal results were retained according to the order 
of e values; (4) when a query matched more than one spe-
cies sequence and the consistency was ≥ 90% and the dis-
tribution of multiple species was not consistent with the 
results, according to the optimal matching results, the 
classification unit of the upper level was recorded; and (5) 
considering the limited record of species distribution and 
information on bryophytes, identification of bryophytes 
was performed at the phylum level.

Nutritional analyses
According to the morphophysiological feeding types of 
Cervidae, sika deer are considered to be an opportunis-
tic adaptable selective [28]. Due to genetic and environ-
mental influences, sika deer are often showed elastic in 
food habits. They showed browser type, intermediate 
type, and grazer type [50]. During the grass green period 
in the Tiebu and Hunchun areas, the sika deer showed 
a browser type. During the withered grass period in 
both areas, sika deer showed tend to intermediate type. 
Whether they showed browser type or intermediate type 
in food habits, the sika deer’s food choices need to meet 
its own energy needs. Main component of energy for 
ruminants is carbohydrate, protein, and lipid [67]. There-
fore, we chose to measure protein, fat, starch, cellulose, 
soluble sugar in the main diet of sika deer as a nutritional 
evaluation. Based on the results of DNA metabarcod-
ing, we selected plants that accounted for more than 
10% of the food composition for nutritional composition 

http://www.majorbio.com
http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi
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determination (Fig. 2a, Supporting Information Table 2). 
Plant samples were collected from the Tiebu and Hun-
chun regions during the same phenological period from 
2021 to 2022. Six samples of different plants of each type 
were collected. Herbs were collected from 6 different 

sites. Fresh plant leaves were stored and transported on 
dry ice and frozen at − 20 °C.

Fresh plants were dried at 65 °C, ground over a 
50-mesh screen, and then placed into an envelope. We 
weighed approximately 1  g of plant sample for crude 

Fig. 2  Differences in the nutritional status of wild sika deer in different regions and during different periods. a The diet composition of wild sika 
deer in different regions and from different periods (those plants accounting for less than 1% of the deer diets were combined in the Others 
category). b The results of PCoA of plant nutrition. c The Mann–Whitney U test results for the different nutrient components. *0.01 < P ≤ 0.05, 
**0.001 < P ≤ 0.01, ***P ≤ 0.001
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protein and crude fat analysis. A 0.2–0.5  g sample was 
used for soluble sugar, starch, and cellulose content 
analysis. Crude protein was measured with the Kjeldahl 
nitrogen method; crude fat was measured with the Sox-
hlet extraction method; and soluble sugar, starches and 
cellulose were measured with the anthrone colorimetric 
method; measurements were performed using commer-
cial kits (Solarbio).

Considering the difference in the proportion of plants 
in the diet, the nutrient content of each sample was cal-
culated using the following formula:

Pi: the percentage of plants in the diet, Di: original con-
centration of nutrients.

All nutrient contents were based on corrected data. 
Differences in nutritional content were identified using 
the Mann–Whitney U test, and post hoc tests were per-
formed using the Welch-uncorrect method. We also per-
formed a principal coordinate analysis (PCoA) of the five 
nutrient components of 11 plant parts from different spa-
tiotemporal in main diet of groups using the Bray‒Curtis 
distance. PCoA is usually used to find the main impact 
indicators in evaluating plant nutrition [39]. Addition-
ally, it shows the similarities and differences in nutrient 
composition among plants [41]. In order to better see the 
differences between groups, we conducted the analysis 
based on groups. The importance of each nutrient com-
ponent in the grouping was determined by a random 
forest model, and the data were standardized using the 
relative abundance [41]. We considered P < 0.05 to indi-
cate statistical significance. The contents of the original 
nutrients in the major foods are shown in Supporting 
Information Table 2.

Microbiome analyses
Gut microbiota community analyses
20 faecal samples (green season group included female 
7 and male 3; withered season group included female 5 
and male 5) from the Tiebu region and 16 faecal sam-
ples (green season group included female 4 and male 4; 
withered season group included female 4 and male 4) 
from the Hunchun region were used to gut microbiota 
community analyses. The primers 338F and 806R (Sup-
porting Information Table  1) for the 16S rRNA gene 
were selected to amplify the variable region of bacterial 
V3-V4. The PCR parameters were as follows: predena-
turation for 3  min at 95  °C; 27 cycles of 95  °C for 30  s, 
55  °C for 30  s, and 72  °C for 45  s; and a final extension 
for 10 min at 72 °C. The follow-up experiments were car-
ried out only under the conditions of the correct size 
and suitable concentration of PCR products. The library 
was constructed and sequenced on the Illumina MiSeq 

D = Pi× Di

platform (Shanghai Majorbio Biopharm Technology Co., 
Ltd.). We used fastp (v0.19.6) to quality control, FLASH 
(version 1.2.7) to merge reads, and the DADA2 method 
to denoise the data, obtain the ASV sequence, and flat-
ten it according to the minimum number of sequences 
[10]. The effective ASV sequences were annotated by the 
Bayes method, and the annotation database used was the 
silva138/16s_bacteria database. The classification con-
fidence of the species annotation method was 0.7. We 
focused on the differences in the microbial community 
composition between the green-grass period and the 
withered-grass period, calculated the α diversity and β 
diversity of the microbial community in the two periods, 
and analysis of similarities (ANOSIM) was used to judge 
whether the difference between groups was significant. 
The Mann‒Whitney U test was used to test the difference 
in genus-level species composition between the green-
grass period and the withered period.

Metagenomic analyses
18 faecal samples (green season group included female 
7 and male 3; withered season group included female 4 
and male 4) from the Tiebu region and 13 faecal samples 
(green season group included female 3 and male 3; with-
ered season group included female 4 and male 3) from 
the Hunchun region were used to Metagenomic analy-
ses. Metagenomic sequencing was performed with fastp 
software for quality control. Reads with a length of less 
than 50 bp and an average weight less than 20 after mass 
shearing and reads containing N bases were removed, 
while high-quality paired-end reads and single-end reads 
were retained. A single-Megahit strategy was adopted for 
short-segment sequence assembly. Using the succinct de 
Bruijn graph method, the stitching parameters were iter-
atively stitched from small k-mers to large k-mers. Meta-
Gene was used to predict ORFs in contigs in the splices, 
and genes with nucleic acid lengths greater than or equal 
to 100 bp were selected and translated into amino acid 
sequences to obtain a statistical table of gene prediction 
results for each sample.

CD-HIT software was used for clustering (default 
parameters: 90% identity and 90% coverage), and the 
longest gene of each class was taken as the representa-
tive sequence to construct the nonredundant gene set 
[19]. Using SOAPaligner software, the high-quality 
reads of each sample were compared with the nonre-
dundant gene set (default parameter: 95% identity) to 
collect information on the abundance of genes in the 
corresponding sample [43]. Diamond software was used 
to compare the sequences of nonredundant gene sets 
with various databases to obtain species and functional 
annotations, in which the BLASTP parameter was set as 
an E-value ≤ 1e-5 [8, 9]. In this study, the gene sets were 
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compared and annotated according to the NR database 
to obtain the species information. The species annota-
tion method was the best hit method. The microbial 
functional annotation results were analysed using the 
KEGG database [36]. The pathogenic bacteria annotation 
results were analysed using the PHI database (Pathogen 
Host Interactions Database) [66]. The CARD database 
(Comprehensive Antibiotic Resistance Database) was 
used to annotation the resistance mechanism gene [34]. 
The Kruskal Wallis H test was used to test the differ-
ence groups, post hoc tests were used with the Welch-
uncorrect method, and the confidence interval was 0.95. 
The Mann‒Whitney U test as used to test in two groups. 
We also used DESeq2 analysis for the gut microbiota 
function. The threshold for multiple differences in gene 
expression was established at a factor of 2.We consid-
ered P < 0.05 to indicate statistical significance. We used 
Benjamini–Hochberg multiple correction method. Dif-
ferences in pathogenic bacteria among the groups were 
analyzed using LEfSe differential discriminant analysis, 
with a linear discriminant analysis (LDA) threshold set 
at greater than 3. Microbiome sequence processing and 
analyses were performed on the online Majorbio Cloud 
Platform (www.​major​bio.​com) [59].

Results
Diet composition
A total of 35 faecal samples from the Tiebu region were 
successfully typed at the psbCL locus. A total of 531,199 
sequence reads were obtained, from which we identified 
213 ASVs. Among them, 197 ASVs met the identifica-
tion criteria, and a total of 107 plant taxa were identified, 
including 43 families, 93 genera, and 105 species. In the 
green-grass period, 81 plant taxa were identified, includ-
ing 30 families, 76 genera, and 79 species. In the withered 
grass period, 78 plant taxa were identified, including 31 
families, 73 genera, and 77 species. We chose to rar-
efy our sampling depth at 9449 sequences (per sample) 
to equalize the sampling depth across all samples in the 
Tiebu region. Based on the mean sequence calculation, 
we found that the plants that accounted for more than 
10% of the diets were Malus sieboldii (17.83%), Fragaria 
vesca (13.01%), and Quercus mongolica (12.81%) dur-
ing the green grass period and Malus sieboldii (32.64%), 
Salix paraplesia (18.19%), and Prunus salicina (11.76%) 
during the withered grass period (Fig. 2a).

A total of 37 faecal samples were successfully col-
lected at the psbCL locus in the Hunchun region. A total 
of 577,710 sequence reads were obtained, from which 
we obtained 264 ASVs. Among them, 156 ASVs met 
the identification criteria, and a total of 92 plant taxa 
were identified, including 45 families, 86 genera, and 91 
species. In the green-grass period, 80 plant taxa were 

identified, including 41 families, 75 genera, and 79 spe-
cies. In the withered grass period, 45 plant taxa were 
identified, including 26 families, 43 genera, and 45 spe-
cies. We chose to rarefy our sampling depth at 10,112 
sequences (per sample) to equalize the sampling depth 
across all the samples in the Hunchun region. Based on 
the mean sequence calculation, we found that the plants 
that accounted for more than 10% of the diets were Cory-
lus mandshurica (28.96%), Quercus mongolic (13.81%), 
and Acer tegmentosum (13.70%) in the green grass period 
and Quercus mongolic (42.20%) and Carex dispalata 
(20.64%) in the withered grass period (Fig. 2a).

Nutritional analyses of food components
PCoA showed that there was a greater difference in nutri-
ent availability between the green-grass period and the 
withered-grass period in the Hunchun region than in the 
Tiebu region (Fig.  2b). The results of the random forest 
model showed that proteins, cellulose and soluble sugars 
were the nutritional components with major differences 
among the groups (Supporting Information Fig.  1). The 
Mann–Whitney U test showed that there was a signifi-
cant difference between the groups (Fig. 2c). We focused 
on the differences in protein, cellulose and soluble sugar 
levels, which are the major factors influencing nutrition 
(Supporting Information Fig. 2). There was a significant 
difference in the protein content between the green-
grass period and the withered-grass period in Hunchun 
(P < 0.001), and the protein content was greater during 
the green-grass period. However, there was no significant 
difference in the Tiebu region. There was significantly 
more protein in the green grass period in Hunchun than 
in Tiebu (P < 0.01). However, in the withered grass period, 
the protein content in Tiebu was significantly greater 
than that in Hunchun (P < 0.01). The cellulose content in 
the withered grass period in Hunchun was significantly 
greater than that in Tiebu (P < 0.001), and that in the 
Hunchun in the withered grass period was significantly 
greater than that in the Hunchun in the green grass 
period (P < 0.001). The soluble sugar content in Tiebu 
during both the withered grass period (P < 0.001) and 
the green grass period (P < 0.01) was greater than that in 
Hunchun. The soluble sugar content in Tiebu during the 
green-grass period was greater than that in Tiebu during 
the withered-grass period (P < 0.05), and similar results 
were obtained for Hunchun (P < 0.001). The differences 
in fat and starch between the groups were also analysed 
(Supporting Information Fig. 2).

Gut microbiota structure
A total of 36 faecal samples were successfully amplified. 
A total of 1,902,222 sequence reads were obtained, from 
which we identified 8692 ASVs, 302 genera, 140 families, 

http://www.majorbio.com
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31 classes, and 19 phyla. We chose to rarefy our sam-
pling depth at 18,909 sequences (per sample) to equalize 
the sampling depth across all samples. The major phyla 
of all the groups were Firmicutes and Bacteroidetes. Fir-
micutes was most abundant in Hunchun in the green 
grass period (73.69%), moderately abundant in Hunchun 
in the withered grass period (73.11%) and Tiebu in the 
withered grass period (73.49%), and least abundant in 
Tiebu in the green grass period (69.84%). Bacteroidetes 
was most abundant in Tiebu in the green grass period 
(26.74%), moderately abundant in Tiebu in the withered 
grass period (23.30%) and Hunchun in the withered grass 
period (24.97%), and least abundant in Hunchun in the 
green grass period (12.02%) (Fig.  3a). Oscillospiraceae 
and Lachnospiraceae were the major families of the 
microbiome in every group (Supporting Information 
Fig. 3). At the genus level, UCG-005, unclassified_f_Lach-
nospiraceae, Christensenellaceae_R-7_group, norank_f_
norank_o_Clostridia_UCG-014, norank_f_UCG-010, and 
Monoglobus were the major taxa (Fig. 3b).

The Tiebu withered grass group had the greatest alpha 
diversity, as revealed by the observed ASVs, the ACE 
index and the Shannon index (Fig.  2c). The ACE index 
was greater in the Tiebu withered grass group than in the 
Hunchun withered grass group (P ≤ 0.05). There was no 
significant difference in the Shannon index between the 
groups (Fig.  3c). NMDS analysis of beta diversity con-
firmed that the differences of microbiome in each group, 
Bray‒Curtis distance (ANOSIM: R = 0.7782, stress < 0.02, 
P < 0.005; Fig.  3d) and Abund‒Jaccard distance (ANO-
SIM: R = 0.8405, stress < 0.02, P < 0.005; Fig. 3d). We also 
performed ANOSIM during the withered grass and green 
grass periods in the two regions based on the Abund‒
Jaccard index and found that the difference between 
the green grass period and the withered grass period in 
the Hunchun (ANOSIM: R = 0.77, P < 0.005) area was 
greater than that in Tiebu (ANOSIM: R = 0.71, P < 0.005). 
ANOSIM of the Abund‒Jaccard index results between 
different regions in the same season revealed that the 
difference between the two regions during the green 
grass period (ANOSIM: R = 0.92, P < 0.005) was greater 
than that during the withered grass period (ANOSIM: 
R = 0.81, P < 0.005) (Fig.  3e). The Mann–Whitney U test 
revealed that the abundances of 64 genera were signifi-
cantly different between the Hunchun and Tiebu regions 
during the green grass period, while those of 45 genera 
were significantly different between the two regions dur-
ing the withered grass period.

Gut microbiome function
The nutritional differences between the spatiotemporal 
groups were considered. We focused on two metabolic 

pathways (protein digestion and absorption path-
way: ko04974 and carbohydrate digestion and absorp-
tion pathway: ko04973) and the gut microbial genes 
encoding cellulose-related enzymes. In the protein 
digestion and absorption pathway, the genes K01539, 
K05616, K06519, and K08187 were significantly dif-
ferent according to both the Kruskal Wallis H test 
and DESeq2 analysis (Fig.  4a, b). In the carbohydrate 
digestion and absorption pathway, the genes K00844, 
K00922, K01539, K04456, and K08171 also exhibited 
significant differential expression in both the Kruskal 
Wallis H test and DESeq2 analysis (Fig. 4a, b). The com-
position of the bacterial community encoding these 
genes is shown in Fig. 4c.

In terms of cellulase enzyme function, we observed 
significant differences in the levels of endoglucanase 
(EC:3.2.1.4) and beta-glucosidase (EC:3.2.1.21) between 
the groups (Fig.  5b). The differences for each pair of 
groups are illustrated in Supporting Information Fig. 4. 
There were more genes encoding endoglucanase in the 
Hunchun withered grass group than in the Hunchun 
green grass group (P < 0.01). The gene encoding endo-
glucanase was also more abundant in the Tiebu green 
grass group than in the Hunchun green grass group 
(P < 0.001). The beta-glucosidase activity in the Hun-
chun withered grass group was greater than that in 
the Hunchun green grass group (P < 0.001), that in the 
Hunchun withered grass group was greater than that in 
the Tiebu withered grass group (P < 0.05), and that in 
the Tiebu green grass group was greater than that in the 
Hunchun green grass group (P < 0.001). For cellulose 
1,4-beta-cellobiosidase (EC:3.2.1.91), there were no sig-
nificant differences between the groups (P > 0.05).

LEfSe differential discriminant analysis revealed that 
Pseudomonas aeruginosa and Salmonella enterica were 
enriched in the Tiebu withered grass group. Escheri-
chia coli and Xanthomonas campestris were found 
to be enriched in the Tiebu green grass group. In the 
Hunchun withered grass group, Xanthomonas oryzae, 
Streptococcus pneumoniae, Vibrio cholerae, and Asper-
gillus fumigatus were identified as enriched species. 
The Hunchun green grass group exhibited enrichment 
of Staphylococcus aureus, Streptococcus suis, Acine-
tobacter baumannii, Borreliella burgdorferi, Listeria 
monocytogenes, Mycobacterium tuberculosis, Fusarium 
graminearum, and Neisseria meningitidis (Fig. 6c). The 
differences between the Tiebu and the Hunchun dur-
ing the green grass and dry grass periods were shown in 
Fig. 6a and b. There were differences in drug resistance 
mechanisms between Tiebu group and Hunchun group. 
Tiebu group was enriched on the antibiotic inactivation 
and reduced permeability to antibiotic genes (P < 0.005) 
(Fig. 6d).
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Fig. 3  Gut microbiota community and diversity dynamics. a The dominant phyla with less than 0.01% abundance were combined into the Others 
category. b The dominant genera with less than 0.01% abundance were merged into the Others category. c Alpha diversity. d NMDS analysis 
of beta diversity
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Discussion
Firmicutes and Bacteroides were the major components 
of the gut microbiota at the phylum level in wild and 
captive sika deer in Northeast China. At the genus level, 
UCG-005, UCG-010, Christensenellaceae_R-7_group, 
Bacteroides, UCG-013 and other genera constitute the 
dominant bacteria in the gut microbiota of Sika deer 
[24]. Our results on the gut microbiota community com-
position in the two regions are similar to those of the 
above studies. The composition of the gut microbiome 
is affected by phylogeny, and allopatric populations of 
the same species often exhibit commonality in the gut 
microbiome, which is the result of the coevolution of the 
mammalian gut microbiome with its host [80]. However, 
different geographical locations can change the dynamic 
composition of the gut microbiota community, and bio-
geography can increase the diversity of the gut micro-
biota [4, 44]. The gut microbial communities of nearby 
hosts are more similar to those of nearby hosts than to 

those of distant hosts [23, 58]. Our PCoA showed that 
the compositions of gut microbiota communities in the 
same region were similar even in different phenological 
periods. Environments can lead to changes in the micro-
biome of animals. The habitats of sika deer in the Tiebu 
and Hunchun regions differ significantly. The plant com-
positions in these two areas are entirely distinct, resulting 
in varying food sources available for sika deer. Addi-
tionally, there are considerable altitude differences and 
varying levels of human interference between the two 
regions, which may influence the structure and function 
of their microbial communities.

Among the influencing factors, forage habits greatly 
influence the gut microbiome [68]. Gut microbiota 
community of herbivores is highly species specific and 
is affected by phylogeny, and the dominant flora of the 
gut microbiome of the same species are usually similar, 
but diet type is a factor affecting the variation in the gut 
microbiome structure [61]. DNA barcoding revealed that 

Fig. 4  Genes with significant differences in the protein absorption and metabolism pathways and the carbohydrate metabolic absorption pathway. 
a The Kruskal Wallis H test of difference groups. *0.01 < P ≤ 0.05, **0.001 < P ≤ 0.01, ***P ≤ 0.001. b DESeq2 analysis of the groups in pairs. c The 
abundances of the top 50 major contributing bacteria at the genus level (KO on ko04974 pathway and ko04973 pathway)
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there were more species in the diet of sika deer in Tiebu 
in the withered period than in Hunchun in the with-
ered period, and the ACE index of the gut microbiota 

was greater in the Tiebu withered grass group than in 
the Hunchun withered grass group. The ACE index 
reflects the community richness of the gut microbiota 

Fig. 5  Spatiotemporal differences in the cellulase enzyme function of the gut microbiome. a Cellulose metabolic pathway. b Functional differences 
in enzymes related to cellulose metabolism and the abundances of the top 10 major contributing bacteria at the genus level
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community; the greater the ACE index is, the greater the 
number of species in the community. A study revealed 
that generalist herbivore gut microbiota diversity is 
affected by dietary species richness and that the alpha 
diversity of the gut microbiota increases linearly with 
dietary species richness [40]. According to the feeding 
characteristics and morphological and structural changes 
in the stomach, ruminants are divided into three nutrient 
adaptation types: grazer, browser and mixed-fed [29]. As 
mixed feeders, sika deer can change their diet according 
to phenological changes. During the green grass period, 
sika deer in the two regions could obtain rich food, so 
there was no significant difference in the alpha diversity 
of the gut microbiota; however, during the withering 
grass period, the Tiebu area had a more complex habi-
tat than did the Hunchun area. For beta diversity, there 
is separation between different groups. However, the 

difference between the two periods in Hunchun groups is 
greater than that in the Tiebu groups. During the wither-
ing grass period, sika deer in the Tiebu area could obtain 
more kinds of food, resulting in more abundant micro-
bial species compared with those in the Hunchun area. 
The difference in food availability between the two phe-
nological periods in Hunchun may be the reason for the 
result. In addition, the altitude difference between the 
two regions may also affect the alpha diversity. The Tiebu 
region is located on the border of the Qinghai-Tibet Pla-
teau, belongs to the plateau area, whereas the Hunchun 
region is located in a plain area. Studies have shown that 
the alpha diversity of animal gut microbiota is higher at 
elevated altitudes [83].

Because of the differences in the types of major foods 
consumed, there are also differences in the nutritional 
intake of wild sika deer between the two regions. Many 

Fig. 6  Spatiotemporal differences in pathogenic bacteria. a The Mann‒Whitney U test of grass period between Tiebu and Hunchun. *0.01 < P ≤ 0.05, 
**0.001 < P ≤ 0.01, ***P ≤ 0.001. b The Mann‒Whitney U test of withered period between Tiebu and Hunchun. *0.01 < P ≤ 0.05, **0.001 < P ≤ 0.01, 
***P ≤ 0.001. c Differences in pathogenic bacteria among the groups were analyzed using LEfSe differential discriminant analysis. d Differences 
in resistance mechanism between Tiebu group and Hunchun group, and the abundances of the top major contributing bacteria at the genus level
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studies have shown the effects of food nutrition on the 
microbial community and microbial function. For exam-
ple, porcupines (Erethizon dorsatum), which eat lignified 
plant material, have relatively high proportions of genes 
encoding cellulose-degrading enzymes [18]. In this study, 
we focused on crude protein, soluble sugars and cellu-
lose. There were significant differences in crude protein 
content between the different groups, and the crude 
protein content in the green grass period was generally 
greater than that in the withered grass period in the two 
regions. The crude protein content in Hunchun during 
the green-grass period was significantly greater than that 
in the other groups. In terms of gut microbiota function, 
we found that the K01539, K06519, and K08187 genes 
were significantly enriched in the Hunchun green grass 
group, while the K01539, K05616, and K06519 genes 
were enriched in the Tiebu withered grass group, which 
is similar to the overall trend of differences in nutrition 
between the groups. The K05616, K06519, and K08187 
genes all participate in alanine, aspartate and glutamate 
metabolism. The K05616, K06519, and K08187 genes 
belong to the solute carrier family. K01539 encodes 
sodium/potassium-transporting ATPase subunit alpha 
[36]. The major amino acids absorbed in ruminant intes-
tines are microbial proteins (MCPs), rumen undegrada-
ble proteins (RUPs) and amino acids derived from the 
digestion of endogenous proteins. The gut absorbs large 
amounts of free amino acids; this process depends mainly 
on transport against the concentration gradient and 
depends on the pump transport system for Na+ and other 
ions [46]. Atkinson [7] reported that with increasing 
RUP levels, the content of amino acids entering the small 
intestine increases; therefore, a greater RUP content in 
the diet increases the absorption of amino acids in the 
small intestine. There is no way to determine the specific 
content of RUPs in crude protein, but the genes related 
to protein digestion and absorption pathway digestion 
in the microbiome are consistent with the change trend 
of crude protein among different groups. The differential 
expression of genes encoding components involved in 
amino acid transport are likely adaptations of the micro-
biome to differences in protein content in food during 
different seasons.

The results of the carbohydrate digestion and absorp-
tion pathway showed that there were differences in 
the abundance of related genes, such as K00844, which 
encodes hexokinase, which significantly increased dur-
ing the withering grass period in the Hunchun region. 
Hexokinase (HK) is one of the rate-limiting enzymes in 
the glycolytic pathway and catalyses the phosphoryla-
tion of hexose to glucose-6-phosphate. Glucose-6-phos-
phate is an important intermediate in the process of 
glucose metabolism; it generates pyruvate and enters 

the tricarboxylic acid cycle, which is important for reg-
ulating energy metabolism [73]. During the withering 
period, the proportion of cellulose, which accounted for 
the largest proportion of nutrient components, increased 
significantly. In the cellulose metabolism pathway, the 
end product of cellulose metabolism is D-glucose. The 
increase in the content of hexokinase genes may be 
attributed to the increase in reactive substrates caused 
by metabolites, and the body needs more energy to cope 
with the harsh winter environment during the with-
ered grass season. The above results may indicate that 
in the face of different environmental differences, the 
gut microbiome of wild sika deer responds faster at the 
genetic level to help it adapt to different nutritional dif-
ferences at different times and in different locations.

Endoglucanase (EC3.2.1.4), a cellulose-degrading 
enzyme, can act on the amorphous region in cellulose, 
and it can randomly hydrolyse β-1,4-glucoside bonds 
to decompose long-chain cellulose molecules into 
fibrodextrin, fibrodisose and glucose. An exonuclease 
(EC3.2.1.91) can act on the ends of cellulose molecules 
and can degrade crystalline cellulose and hydrolysate 
β-1,4-glucoside bonds. β-Glucosidase (EC3.2.1.2) can 
further decompose cellodisose, cellotriose and other 
low-molecular-weight dextrins to glucose. The cellulase 
abundance increased significantly during the wither-
ing grass period in both regions, which was consistent 
with the winter diet. The difference between the with-
ered and green grass periods in the Hunchun region 
was greater than that in the Tiebu region and consistent 
with the differences in the local environment. Compared 
with that in the Tiebu area, the vegetation composition 
in the Hunchun area is simpler, consisting mainly of 
deciduous broad-leaved forest. Every winter, the variety 
of food decreased, the amount of available food for wild 
sika deer decreased, and only Cyperaceae was consumed 
as a staple food. Through these experiments, we found 
that Cyperaceae has a high cellulose content. Changes 
in enzyme function can well reflect the interactions 
between the gut microbiome and diet. For example, the 
level of amylase activity in the digestive system of giant 
pandas increases, and giant pandas have a good ability to 
digest this nutrient, which is also reflected in the function 
of the gut microbiome [81, 85].

We also looked at differences in pathogen bacteria and 
drug resistance mechanisms genes in groups. Human 
activities can promote the growth of Escherichia coli in 
the environment [49]. Escherichia coli was enriched in 
the Tiebu group, it may because Tiebu region is a pastoral 
area, the sika deer has more opportunity to contact with 
human. Salmonella enterica and Escherichia coli, both 
of which have Bos and humans as hosts, are enriched in 
the Tiebu region, suggesting a potential risk of disease 
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transmission [66]. In fact, we have observed close con-
tact between sika deer and livestock in Tiebu area sev-
eral times. Hunchun area due to its status as a border 
control zone and few residents in the core area, we have 
not observed sika contact with human or livestocks (Sup-
porting Information Fig.  5). LefSe analysis showed that 
more pathogenic bacteria were significantly enriched in 
the Hunchun area. It may be due to differences in vec-
tor organisms. Ticks, which serve as vectors for multiple 
pathogens and viruses, are more diverse in the Hunchun 
area compared to the Tiebu area [53, 82]. Additionally, it 
is important to note that the Tiebu region exhibits signifi-
cantly more genes associated with antibiotic resistance 
mechanisms than the Hunchun region, a discrepancy 
likely attributable to human activities [33].

In conclusion, this is the first study to comprehensively 
consider the effects of both seasonal and geographical 
factors on the gut microbiome of wild sika deer in dif-
ferent regions. The seasonal changes in food availability 
affect the nutrient intake of sika deer, leading to differ-
ences in the gut microbiome composition and function. 
At the same time, human activities pose potential health 
risks to animals.
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