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Abstract: Background: The gut microbiome is a large and complex organic assemblage with subtle
and close relationships with the host. This symbiotic mechanism is important for the health and
adaptability of the host to the environment. Compared with other ruminants, there are few studies
on yak intestinal microbes. The study of the gut microbiota of the yak will help us better understand
the correlation between the microbiota and the environmental adaptability of the host. In this study,
we adapted 16S rDNA sequencing technology to investigate the diversity and composition of the
intestinal microbial community in free-range yaks and captive yaks living on the Qinghai–Tibet
Plateau (QTP). Results: Sequencing results showed that the intestinal microbial community diversity
was significantly different between free-range yaks and captive yaks. Firmicutes and Bacteroidetes
were the dominant bacteria in both free-range and captive yaks. However, there were differences
between the microbes of the two analyzed feeding styles in different classification levels. Compared
with the captive type, free-range yaks had a higher abundance of Ruminococcaceae, Eubacteriaceae,
Desulfovibrionaceae, Elusimicrobium, and Oscillibacter, while the abundance of Succinivibrionaceae,
Clostridiales, Lachnospiraceae, Prevotellaceae, Roseburia, and Barnesiella was relatively low. The feeding
method may be the key factor for the formation of intestinal flora differences in yaks, while altitude
did not significantly affect Qinghai yak. Conclusions: In this study, we used 16S rDNA sequencing
technology to investigate the composition of intestinal flora in free-range and captive yaks living
on the QTP. The exploration of dietary factors can provide a theoretical basis for scientifically
and rationally breeding yaks and provides a new direction for the development of prebiotics and
microecological agents.

Keywords: free-range yaks; captive yaks; feeding style; gut microbiota; sequencing

1. Introduction

The intestinal microbiota is an aggregate of millions of microbes that exist in the
gastrointestinal tract, and it interacts extensively with the host. From the beginning of
life until death, the gut microbiota exhibits varying characteristics among individuals and
throughout their development, yet it maintains its relative stability and diversity [1]. The
collective genes of the gut microbiota are 150 times larger than the human genome [2]. In
recent years, intestinal flora has been regarded as a signal hub that impacts on the host’s
metabolism, immunity, and infection response by integrating environmental inputs, genetic
factors, and immune system signals [3]. Various factors can disrupt the balance and cause a
state termed “dysbiosis” [4]. Studies have shown that the “dysbiosis” of microbial compo-
sition often has harmful effects on human health including the induction of type 2 diabetes,
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obesity, inflammatory bowel disease, and neurological diseases [5–8]. However, the intesti-
nal microbial community of adults is in a relatively balanced condition with a degree of
resistance to certain disturbances [9] such as antibiotics [10]. Therefore, it is necessary to
study the factors that can change the composition of animals’ gut microbes. Excitingly, with
the in-depth study of the microbial community, intestinal flora has gradually demonstrated
its tremendous therapeutic potential for related diseases [11–13].

The abundance and diversity of the gut microbial community are affected by fac-
tors such as species, genotype, age, diet, sex, and a plethora of environmental parame-
ters [14–18]. Environmental factors have more impact on shaping the host gut microbiome
than genetic factors [19]. One of the most concerned factors is the influence of diet on
the plasticity of the host gut microbiota. Diet participates in microbial metabolism, and
the products of these physiological processes are inextricably linked with the health or
disease development of the host [20]. In addition, the host’s exercise status can regulate
the intestinal microbial profile and its metabolic level, enhance the host’s ability to take up
nutrients, and improve insulin sensitivity [21]. By exploring the influence of these factors
in the gut microbiota, it can help us better understand the relationship between microbes
and health.

Yak is a characteristic animal living in Qinghai–Tibet Plateau (QTP) and has been
domesticated by nomads for 7300 years [22]. Statistics show that there are more than
22 million domestic yaks in the QTP and surrounding high-altitude areas, providing local
people with living resources such as meat, milk, and fur [23]. Yaks have numerous unique
physiological traits that help them adapt to the environment at high altitudes [23]. Under
traditional management, yaks graze on natural pastures year-round without the need for
additional feed [24]. Studying the adaptation mechanism of the yak to the high-altitude
environment may advance our understanding, treatment, and prevention of hypoxia-
related diseases in humans and animals. In addition, yak is a type of livestock that can
survive in environments of extreme cold, hypoxia, and limited grass resources, and they
are an important economic pillar of animal husbandry of the QTP [25,26]. Exploring the
relationship between the microbiota and the environmental adaptability of the yak from
the perspective of the intestinal microbiome can provide some inspiration for scientific
planning of yak breeding.

Previous studies have found that the gastrointestinal microbiota of ruminants main-
tains a good symbiotic relationship with the host [27,28]. Previous studies have confirmed
that differences in feeding styles and altitude can significantly affect the structure of the
rumen microbiota of yak [29,30], but the impact of these two factors on the gut microbiome
needs to be further studied. In order to analyze the effects of different feeding styles on
intestinal microbiota of yaks, we amplified the V3 and V4 regions of 16S rDNA in their
stool samples and sequenced the amplified products on an Illumina MiSeq platform. We
investigated the composition and structure of the gut microbiota of yaks. The results of
this study will help to further understand the relationship between gut microbes and yak’s
ability to adapt to the environment and provide new ideas for the development of prebiotics
and microecological agents.

2. Materials and Methods
2.1. Sample Collection

A total of 38 yaks were divided based on feeding styles: free-range and captive
breeding groups. Fecal samples were collected from two farms with different altitudes
(~1000 m) in Qinghai Province and used for 16S rDNA sequencing (10 free-range yaks in
Xinghai County (Fx), 8 free-range yaks in Haiyan County (Fh), 6 captive yaks in Xinghai
County (Cx), and 14 captive yaks in Haiyan County (Ch)). Feces were collected from 7:00
to 9:00 in the morning. After the yaks were observed to excrete feces, sterile cotton swabs
were immediately used to remove the external feces, and new sterile cotton swabs were
used to collect part of the internal feces into sterile EP tubes, transported to the laboratory
after being placed in liquid nitrogen, and stored at −80 ◦C. DNA was extracted after all
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samples were collected. The selected yaks were in a healthy state and did not suffer from
other diseases before samples were collected. All yaks were of the same breed and were
in the natural breeding conditions of local farmers and herders, and no antibiotic use was
recorded. No intervention measures were taken except collecting fecal samples. Detailed
information of the fecal sample is listed in Table S1.

2.2. DNA Extraction

The total DNA was extracted using MagPure Stool DNA KF Kit B (Magen, Guangzhou,
China), and total DNA was quantified with a Qubit Fluorometer by using Qubit dsDNA
BR Assay Kit (Invitrogen, Waltham, MA, USA) in accordance with the manufacturer’s
instruction. Blank controls were set-up to confirm the authenticity of the sample DNA. In
addition, the DNA’s quality was checked on 1% agarose gel and stored at −20 ◦C.

2.3. PCR Amplification and Library Construction

Broadly conserved primers, 341F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′) were used to amplify the 16S rRNA gene-specific
variable regions V3 and V4 of bacteria [31]. An Illumina adapter was used to tag forward
and reverse primers for further sequencing. All polymerase chain reactions (PCRs) were
enriched in a 50 µL reaction a containing 30 ng template, fusion PCR primer, and 2×Phanta®

Max Master Mix (Vazyme, Nanjing, China, P515-01). The thermal cycling conditions were
set as follows: 94 ◦C (3 min), 30 cycles of 94 (30 s), 56 (45 s), 72 (45 s), and 72 ◦C (10 min). The
PCR reaction system was configured with 30 ng DNA and fusion primer. Amplification was
carried out after setting reaction parameters. Meanwhile, no-template controls were set to
ensure the specificity of PCR products. The PCR products were purified using AmpureXP
beads and elution buffer, and after labeling, the library construction was finished. The
library was qualified using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).
The validated libraries were used for sequencing on an Illumina MiSeq platform (Illumina,
San Diego, CA, USA) with the sequencing strategy MiSeq-PE300 (MiSeq-PE301+8+8+301).
MiSeq Reagent Kits v3 (600 cycle) were used as cartridges for sequencing library pools.

2.4. Statistical Analysis

Cutadapt (v2.6) was used to filter the raw reads to the acquired high-quality clean
reads [32]. After intercepting primer and joint contamination, the method of removing low
quality by window was adopted. The window length was set to 30 bp, and if the average
window quality value was less than 20, the read-end sequence was truncated from the
window, and reads that had a final read length that was less than 75% of the original read
length were removed. In addition, reads containing N and reads with low complexity
(10 consecutive ATCG) were removed to obtain the final clean data. All filtered reads were
imported into QIIME2 (v2020.2) [33], based on the method of DADA2 (Divisive Amplicon
Denoising Algorithm), and the imported paired-end sequences were denoised using the
QIIME DADA2 denoise-paired command to obtain amplicon sequence variants (ASVs)
with 100% sequence similarity (the truncation length was set to 0, and the minimum overlap
was set to 20 bp) [34]. Finally, the ASV representative sequences were compared with the
database (Greengene: v201305) for species annotation by the Ribosomal Database Project
(RDP) classifier (v1.9.1) software, and the confidence threshold was set to 0.6 [35]. RStudio
(v4.0.2) was used to summarize and analyze the ASVs information. The “VennDiagram”
package in R was performed to create the Venn diagram [36]. The “vegan” package in R was
used to calculate the microbial alpha diversity index, Bray-Curtis distance, and unweighted
UniFrac distance, which were used to evaluate the similarity of the different samples [37].
In addition, the phylogenetic tree was acquired by sequence comparison with FASTTREE
(v2.0). The “Phyloseq” and “ggplot2” packages were used for principal coordinate analysis
(PCoA) analysis and hierarchical cluster analysis [38,39]. The ALDEx2 package was applied
for ASV differential abundance analysis [40–42]. The Wilcoxon test, PERMANOVA, and
ANOSIM were used to evaluate significant differences between different groups.
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3. Results
3.1. Sequencing Data

Thirty-eight fecal samples were collected in free-range yaks (10 yaks in Xinghai County
(Fx) and eight yaks in Haiyan County (Fh)) and captive yaks (six yaks in Xinghai County
(Cx) and 14 yaks in Haiyan County (Ch)). As mentioned above, clean reads with a length
of 300 ± 3 bp were generated after sequencing in paired-end mode. The total amount of
data for each sample was in the range between 60,601 × 2 and 71,920 × 2. The sequencing
data for all of the samples are listed in Table S2. The species accumulation curves of the
yak samples for the two feeding styles were relatively flat with the increase in the number
of samples, indicating that the existing sample size could basically meet the needs of this
study (Figure 1A). Rarefaction curves also indicated that the depth of sequencing was
reasonable (Figure 1B). In order to avoid the impact of sequencing errors or random factors
on the analysis results, ASVs with low abundance (i.e., total less than 10) were filtered, and
the remaining ASVs were used for subsequent analysis.

Figure 1. Species accumulation and dilution curves for all samples: (A) species accumulation curves
of free-range and captive yak samples; (B) rarefaction curves of all samples. The legend is the number
of all samples.

3.2. Intestinal Flora Is Associated with Yak Feeding Styles

After cleaning the raw data, 1978, 1058, 1855, and 1245 ASVs were obtained from
samples for groups Fx, Cx, Fh, and Ch, respectively (Table S2). A total of 4268 ASVs were
detected in all samples, of which 205 (6.75% of all ASVs in Xinghai County) and 301 (9.71%
of all ASVs in Haiyan County) were core ASVs (Figure 2A). Furthermore, 1773 and 853
unique ASVs were detected in the Fx and Cx groups, and 1554 and 944 ASVs were uniquely
found in the Fh and Ch groups.
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Figure 2. Analysis of the composition and diversity of intestinal microbes. Fx, free-range yaks in Xinghai
County; Cx, captive yaks in Xinghai County; Fh, free-range yaks in Haiyan County; Ch, captive yaks in
Haiyan County. (A) Venn diagram showing the OTU overlap of Fx and Cx and Fh and Ch, respectively;
(B) Shannon index and Simpson index of Fx and Cx; (C) Shannon index and Simpson index of Fh and
Ch. Statistical test results are represented by p-value (* p < 0.05, ** p < 0.01, *** p < 0.001).

In order to determine whether the different feeding styles had a significant impact
on the intestinal microbial diversity of the yaks, we tested the α-diversity and β-diversity
of the yak gut microbial fraction. The Shannon index of the Fh group, Cx group, Fh
group, and Ch group were 5.35, 5.00, 5.40, and 4.50, respectively. Moreover, the Simpson
index (Simpson’s index of Diversity 1-D) were 0.990, 0.984, 0.991, and 0.958, respectively.
Tables S3 and S4 list the α-diversity index of the four groups of samples. In general, there
was a significant difference in the α-diversity index between free-range yaks and captive
yaks. Figure 2B,C show the Shannon index and Simpson index of the two feeding styles of
yaks in Xinghai County and Haiyan County, respectively. The Shannon index for the Fh
group was significantly higher than for the Ch group (Wilcox, p < 0.01), and the Simpson
index for the Fx and Fh groups were significantly higher than for the Cx and Ch groups
(Wilcox, p < 0.05 and p < 0.001). In other words, the Fx and Fh groups showed higher
microbial diversity than the Cx and Ch groups. It also indicated that the difference of
intestinal microflora composition of yaks was related to feeding styles.

3.3. Comparison of Gut Microbial Diversity between Free-Range Yaks and Captive Yaks

The ASVs’ abundance information of the sample was used to calculate the Bray-Curtis
distance matrix. Based on evolutionary distance, UniFrac was performed to evaluate the
similarity of samples between groups. The results of unweighted UniFrac principal component
analysis (PCoA) showed that there were significant differences among yaks with different
feeding styles in Figure 3A (PERMANOVA, p = 0.001). All the samples were divided into two
clusters, and the scattered points indicated the relationship between free-range and captivity.
The principal components, PC1 and PC2, of the Fx group and the Cx group accounted for
62.4% and 13.5% of the explained variance; moreover, the principal components of the Fh
group and the Ch group, respectively, accounted for 62.8% and 13.3%. The results showed
that there were significant differences in the composition of the intestinal microflora between
free-range yaks and captive yaks (PERMANOVA, p = 0.001).
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Figure 3. Analysis of the intestinal flora composition of free-range yaks and captive yaks: (A) principal
component analysis (PCoA) based on unweighted UniFrac distance shows the distribution between
samples of different groups; (B) nonmetric multidimensional scaling (NMDS) based on Bray-Curtis
distance analyzed the microbiome similarity of samples. PC1, PC2, NMDS1, and NMDS2 are the first
two principal components in dimension reduction of the sample data, respectively.

Nonmetric multidimensional scaling (NMDS) was performed to assess the similarity
of Bray-Curtis to illustrate the differences in microbial populations among the groups,
according to the ASVs’ abundance in the samples. The Fx group and Cx groups showed
obvious separate clustering in Figure 3B (ANOSIM, p = 0.001), and the results of the Fh
group and Ch group were consistent with the former (ANOSIM, p = 0.001).

In addition, we adopted hierarchical clustering analysis to explore the similarity among
all samples. UPGMA and Bray-Curtis distance similarity were used for cluster analysis
(Figure 4). All samples were divided into two clusters: one included all the free-range
group samples (i.e., FX and Fh) and the other consisted of all the captive group samples
(i.e., Cx and Ch). The differences between the samples from the free-range group and the
captive group were significant, which was consistent with the above results. Therefore,
we speculated that feeding styles could greatly influence the composition of intestinal
microflora of yaks.
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Figure 4. Hierarchical cluster analysis of microbial communities for all samples based on Bray-Curtis
distance: (A) samples from Xinghai County; (B) sample from Haiyan County. The number is the ID
of the sample.

3.4. Community Composition of Intestinal Microbes in Different Feeding Methods

Based on the ASVs’ annotation information for all samples, the intestinal microbiome
composition between free-range yaks and captive yaks from the same farm at different
classification levels was statistically analyzed so as to eliminate the interference of regional
factors on the results. Figure 5A shows the bacterial composition at the phylum level of
intestinal microorganisms between free-range and captive yaks in Xinghai County and
Haiyan County, respectively. The dominant phylum in all samples were Firmicutes and
Bacteroidetes. In addition, the abundance of Proteobacteria was also high. However, compared
with Cx and Ch, the abundance of Firmicutes and Proteobacteria in Fx and Fh was higher
(Wilcox, p < 0.05), while Lentisphaerae and Fibrobacteres were not found in Cx and Ch.

Figure 5. Intestinal microbiome composition of samples from different groups. The top 15 taxa with
high abundance were selected to calculate the relative abundance to form a stack map: (A) composition
of microbiota at the phylum level; (B) composition of microbiota at the family level; (C) composition of
microbiota at the genus level.

The bacterial composition of the different flora at the family level is presented in
Figure 5B. As shown in Figure 5B, Ruminococcaceae was the most abundant dominant
family in Fx and Fh, while Succinivibrionaceae was almost nonexistent. Lachnospiraceae and
Prevotellaceae were the dominant families with the highest abundance among the Cx and Ch,
while Eubacteriaceae and Desulfovibrionaceae hardly existed. In comparison, the abundance
of Ruminococcaceae, Eubacteriaceae, and Desulfovibrionaceae in Fx and Fh was higher (Wilcox,
p < 0.01), while the abundance of Succinivibrionaceae, Clostridiales, Lachnospiraceae, and
Prevotellaceae were significantly lower than Cx and Ch (Wilcox, p < 0.01).

The bacterial compositions of Fx and Fh were significantly different from Cx and Ch
at the genus level (Figure 5C). Table 1 and Table S5 show the relative abundance of the
bacterial composition of yaks in the free-range group and captive group. Bacteroides was the
dominant genera in Fx and Fh, while Succinivibrio and Prevotella were the main genera in
Cx and Ch. Elusimicrobium and Oscillibacter in Fx and Fh were higher than those of Cx and
Ch (Wilcox, p < 0.01), while Roseburia and Barnesiella were much lower (Wilcox, p < 0.01).
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In addition, Clostridium_IV, Intestinimonas, and Eubacterium were almost absent in the Cx
and Ch groups.

Table 1. The relative abundance of the first 10 genera expressed as the percentage of the total microbial
abundance of free-range yaks (n = 18) and captive yaks (n = 20).

Genera
Group

Genera
Group

Fx (Mean) Fh (Mean) Cx (Mean) Ch (Mean)

Bacteroides 6.31% 6.92% Prevotella 8.89% 21.21%
Clostridium_XlVa 3.52% 3.51% Succinivibrio 9.22% 14.27%

Clostridium_IV 2.91% 2.42% Clostridium_XlVa 5.80% 5.21%
Alistipes 2.07% 2.40% Clostridium_sensu_stricto 3.62% 4.06%

Eubacterium 1.78% 1.84% Bacteroides 2.26% 3.75%
Intestinimonas 2.30% 1.84% Roseburia 3.90% 3.07%
Oscillibacter 1.64% 1.69% Paraprevotella 3.48% 1.42%
Romboutsia

Akkermansia
1.43%

-
1.26%
1.16%

Barnesiella
Romboutsia

2.36%
-

1.21%
1.09%

Phascolarctobacterium
Paraprevotella

1.03%
2.39%

0.91%
-

Phascolarctobacterium
Alloprevotella

-
3.10%

1.07%
-

Faecalibacterium 1.40% -

4. Discussion

In this study, 16S rDNA sequencing was used to assess the intestinal microbial com-
position of yaks with two feeding styles. We calculated and compared the diversity and
abundance of free-range and captive yaks in two farms with 1000 m difference in altitude of
Qinghai Province. Differential abundance analysis showed that there were significant differ-
ences between the free-range groups (i.e., Fx and Fh) and captive groups (i.e., Cx and Ch) in
Figure S1A,B. Previous studies have shown that different feeding styles or sudden dietary
changes can significantly affect the intestinal microbiota structure of ruminants [43–46],
which is consistent with our results. In order to determine whether different rearing meth-
ods had significant effects on the intestinal microbiota of yaks, we evaluated the α-diversity,
β-diversity, and hierarchical clustering of the intestinal microbiota in captive and free-range
yaks. These results suggest that there are indeed differences in the intestinal microbiota un-
der different feeding styles. Furthermore, the intestinal flora of yaks with two feeding styles
changed at different taxonomic levels. Considering that all the samples came from different
altitudes, we evaluated the effects of altitude on the intestinal microbiota of yaks and found
that there was no significant difference between the samples with the same feeding style
(Figure S2). In addition, differential abundance analysis revealed no significantly different
taxa of captive yaks from the two farms (Figure S1C). This also means that altitude has no
significant effect on the intestinal microbes of Qinghai yaks. The complexity of the external
environment may be the reason for the small number of distinct taxa in free-range yak
samples (Figure S1D). Therefore, we speculated that the dietary composition of captive
yaks is more regular and stable due to the artificial intervention, which may be related
to the relatively conservative nature of intestinal flora of captive yaks. There are many
factors in the living environment of free-range yaks such as climate, soil, and temperature.
These environmental variables could affect the dietary structure of yaks. Changes in the
composition of the gut microbiome may help the host adjust its metabolism and meet its
needs, helping the host better adapt to the high-altitude environment. However, there are
several limitations of the present study. For example, we did not deliberately control for the
sex and age of the yaks when sampling. Therefore, the influence of intestinal microbiota by
sex and age could not be ruled out in this study.

Firmicutes and Bacteroidetes are currently known to be the most abundant at the phylum
level in the gastrointestinal microbiota of ruminants [43,47–51]. Among all the samples
in this study, the abundance of Firmicutes and Bacteroidetes of yaks in Xinghai County
accounted for 56.59% and 31.03% of the total microorganisms and 66.68% and 26.16% of the
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total microbes in Haiyan County yak, which were the most dominant phyla. These results
are consistent with several previous studies [43,47–51]. Firmicutes in the gastrointestinal
tract have previously been reported to effectively decompose cellulose and lignin [46,52].
Bacteroidetes have the function of decomposing non-fiber complex polysaccharides and
maintaining intestinal balance [53]. Both are closely related to the metabolism of fiber
and non-fiber food components of the host. In addition, we found that Proteobacteria also
occupied a high relative abundance in free-range yaks. Proteobacteria are reported to be
the core flora in ruminant digestion of soluble carbohydrates and are also involved in
host biofilm formation and gastric content fermentation [54,55]. The high abundance of
Firmicutes and Proteobacteria means that the gut microbes of the free-range yak are more
capable of utilizing gut contents.

The abundance ratio of Firmicutes and Bacteroidetes changed between the two feeding
styles. Therefore, we further studied the relative abundance composition of bacteria at the
genus level. The results showed that the abundance of Prevotella in the free-range groups
were significantly lower than that of the captive groups in Bacteroidetes, while the abundance
of Clostridium_IV, Intestinimonas, and Oscillibacter in the free-range groups were relatively
higher. The latter three belong to Ruminococcaceae. Some bacteria of Ruminococcaceae are
rich in cellulase and xylanase and have strong hydrolysis capacity of polysaccharides [56].
Prevotella is representative in the gastrointestinal tract of vegetarian animals [57]. Studies
have shown that Prevotella can decompose a variety of polysaccharides, maintain the energy
balance of the bacterial community [58], and play a crucial role in the rumen digestion
of plant fiber and the amino acid metabolism of ruminants [53,59]. Clostridium_IV is an
important group of intestinal bacteria that produce butyric acid and other short-chain fatty
acids (SCFAs) [60,61]. SCFAs are important energy materials and can be absorbed by the
intestinal wall through ion exchange and passive diffusion to meet the caloric needs of
the host [62]. It has been found that the intestinal butyrate level of the host is positively
correlated with the content of Clostridium_IV and Oscillibacter [44,61]. Acetate, propionate,
and butyrate are important components of SCFAs. Acetate is involved in lipid synthesis,
and butyrate can provide energy for intestinal wall cells, prevent autophagy, and stimulate
endocrine cells to secrete leptin to regulate intestinal energy balance [63,64].

A study of Mongolian sheep found that compared with grazing sheep, Prevotella
is more abundant in the intestines of captive sheep, while Succinivibrio in the grazing
group was not detected [44], which is similar to our results. Moreover, the researchers
found that feeding goats with high-grain forage increased the abundance of Prevotella in
the cecum [65]. Succinivibrio can decompose starch and provide energy by converting
succinic acid into propionic acid for the host to absorb [52]. We hypothesized that dietary
differences contribute to changes in the intestinal flora of Qinghai yaks. The adjustment
of intestinal microbial structure in captive yaks could help them digest and absorb high
carbohydrate feed better (mostly grain), while the rich cellulose and hemicellulose xylan in
herbage may require a strong fiber digestion ability in free-range yaks. A high-fiber diet
can produce a large number of SCFAs under the decomposition of intestinal flora and cause
a decrease in local microenvironmental pH [66,67]. A decrease in pH has a selective effect
on the microorganisms in the colon, resulting in an increase in the number of butyrate
producing Gram-positive bacteria and a decrease in some Bacteroidetes [68]. Local pH
may impact on the process of dietary factors causing differences in the intestinal microbial
community. At the same time, the high concentration of SCFAs and low pH produced
by microorganisms could inhibit the colonization and growth of pathogenic bacteria and
potentially pathogenic microorganisms to a certain extent [18,62,66]. These parameters may
protect yaks in pastoral areas against pathogens.

One study of mice found that the gut microbiome was altered in response to cold
stimuli, most notably a decline in Akkermansia abundance, which led to a series of plasticity
changes in the gut in response to increased energy demands [69]. However, we found an
interesting phenomenon in our study: Akkermansia was almost not detected in yaks living
in the barns (only two samples in the Ch group had extremely low abundance), while it was
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relatively high in yaks living in the cold free-range area at high altitude (Table S5, p < 0.05). A
reduction in Akkermansia increases intestinal sensitivity to insulin, causes fat browning, and
increases intestinal tract and intestinal villi length [69]. Maintaining the body temperature
of resting animals in cold environments by enhancing nutrient absorption and metabolism
and generating heat from brown fat decomposition seems to explain why Akkermansia was
almost absent in captive yaks. Furthermore, we assumed that the motion state of free-range
yaks could regulate the intestinal microbiota spectrum and the corresponding metabolic
level, and the heat generated by the movement could meet their own needs or resist the
invasion of low temperature in other ways after a long time of adaptation. Some species
of Akkermansia, such as Akkermansia muciniphila, is involved in maintaining the integrity
of the intestinal barrier of the host, inducing the differentiation of intestinal regulatory
T cells and T follicular helper cells to regulate intestinal homeostasis [70–72]. This may
enable free-range yaks to cope with environmental disturbances better. In this study, we
found that there were significant differences in intestinal microbes of Qinghai yaks with
different feeding methods. However, there was no significant difference in the intestinal
microbiota of free-range and captive yaks with altitude difference of nearly 1000 m, which
attracted our attention. Is this relatively stable phenomenon related to yaks’ compensatory
mechanisms such as cold resistance and hypoxia resistance? If they are related, can we use
intestinal microorganisms as mediators to regulate this compensatory mechanism of the
host? These results suggest that the mechanism in this area needs further research.

5. Conclusions

We investigated the composition of the intestinal bacteria in free-range yaks and
captive yaks and described their difference. The structure and diversity of the intestinal
microflora of yaks were changed by different feeding methods, and this effect may not
be restricted by altitude. In this study, we also found that changes in the composition or
abundance of certain bacteria may be related to host health and adaptation to the external
environment. Studying the effect of these factors on the intestinal microbial community
can help us further understand the interaction mechanism between microbes and the host,
provide reference for better rearing of yaks, and also provide a new prospective for the
development of prebiotics and microecological agents.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms10040754/s1, Table S1: Sample information of
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richness index of Yaks in Xinghai County; Table S4: Microbial sequence diversity and richness index of
Yaks in Haiyan County. Table S5: The relative abundance of all taxa, Figure S1: Differential abundance
analysis of different groups., Figure S2: α and β diversity of yaks in the same feeding style.
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Stojanović, O.; Rigo, D.; et al. Gut Microbiota Orchestrates Energy Homeostasis during Cold. Cell 2015, 163, 1360–1374. [CrossRef]

70. Bodogai, M.; O’Connell, J.; Kim, K.; Kim, Y.; Moritoh, K.; Gusev, C.C.; Vaughan, K.; Shulzhenko, N.; Mattison, J.A.; Lee-Chang, C.;
et al. Commensal bacteria contribute to insulin resistance in aging by activating innate B1a cells. Sci. Transl. Med. 2018, 10, eaat4271.
[CrossRef]

71. Kuczma, M.P.; Szurek, E.A.; Cebula, A.; Chassaing, B.; Jung, Y.-J.; Kang, S.-M.; Fox, J.G.; Stecher, B.; Ignatowicz, L. Commensal
epitopes drive differentiation of colonic T regs. Sci. Adv. 2020, 6, eaaz3186. [CrossRef]

72. Ansaldo, E.; Slayden, L.C.; Ching, K.L.; Koch, M.A.; Wolf, N.K.; Plichta, D.R.; Graham, D.B.; Xavier, R.J.; Moon, J.J.; Barton, G.M.;
et al. Akkermansia muciniphila induces intestinal adaptive immune responses during homeostasis. Science 2019, 364, 1179–1184.
[CrossRef]

73. Chen, T.; Chen, X.; Zhang, S.; Zhu, J.; Tang, B.; Wang, A.; Dong, L.; Zhang, Z.; Yu, C.; Sun, Y.; et al. The Genome Sequence Archive
Family: Toward Explosive Data Growth and Diverse Data Types. Genom. Proteom. Bioinform. 2021. [CrossRef]

74. Xue, Y.; Bao, Y.; Zhang, Z.; Zhao, W.; Xiao, J. Database Resources of the National Genomics Data Center, China National Center
for Bioinformation in 2022. Nucleic Acids Res. 2022, 50, D27–D38. [CrossRef]

http://doi.org/10.3390/microorganisms9071528
http://www.ncbi.nlm.nih.gov/pubmed/34361963
http://doi.org/10.1093/femsec/fiz072
http://doi.org/10.1016/j.chom.2020.09.012
http://www.ncbi.nlm.nih.gov/pubmed/33113351
http://doi.org/10.1186/s40168-020-00819-8
http://www.ncbi.nlm.nih.gov/pubmed/32398126
http://doi.org/10.3390/nu13010031
http://doi.org/10.5409/wjcp.v10.i5.84
http://doi.org/10.1017/S0029665120006916
http://doi.org/10.1126/science.1223813
http://doi.org/10.1038/nri.2016.42
http://www.ncbi.nlm.nih.gov/pubmed/26841945
http://doi.org/10.1038/ejcn.2011.141
http://www.ncbi.nlm.nih.gov/pubmed/21811294
http://doi.org/10.1093/ajcn/nqz322
http://www.ncbi.nlm.nih.gov/pubmed/31927581
http://doi.org/10.1111/j.1462-2920.2009.01931.x
http://doi.org/10.7892/boris.81377
http://doi.org/10.1126/scitranslmed.aat4271
http://doi.org/10.1126/sciadv.aaz3186
http://doi.org/10.1126/science.aaw7479
http://doi.org/10.1016/j.gpb.2021.08.001
http://doi.org/10.1093/nar/gkab951

	Introduction 
	Materials and Methods 
	Sample Collection 
	DNA Extraction 
	PCR Amplification and Library Construction 
	Statistical Analysis 

	Results 
	Sequencing Data 
	Intestinal Flora Is Associated with Yak Feeding Styles 
	Comparison of Gut Microbial Diversity between Free-Range Yaks and Captive Yaks 
	Community Composition of Intestinal Microbes in Different Feeding Methods 

	Discussion 
	Conclusions 
	References

