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Donkeys’ gut microbe is critical for their health and adaptation to the environment.
Little research has been conducted on the donkey gut microbiome compared with
other domestic animals. The Tibetan Plateau is an extreme environment. In this
study, 6 Qinghai donkeys (QH) from the Tibetan Plateau and 6 Dezhou donkeys
(DZ) were investigated, and the contents of 4 parts—stomach, small intestine,
cecum, and rectum—were collected. 16S rRNA sequencing and metagenomic
sequencing were used to analyze the composition and diversity of gut microbial
communities in donkeys. The results showed that the flora diversity and richness
of the hindgut were significantly higher than those of the foregut (p<0.01), with
no sex differences, and the community structure and composition of the same
or adjacent regions (stomach, small intestine, cecum, and rectum) were similar.
Besides, the flora diversity and richness of QH on the Tibetan Plateau were
significantly higher than those of DZ (p<0.05). The major pathways associated
with QH were signal transduction mechanisms and carbohydrate transport and
metabolism, and Bacteroidales were the major contributors to these functions.
Our study provides novel insights into the contribution of microbiomes to the
adaptive evolution of donkeys.

KEYWORDS
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Introduction

Donkeys have unique digestive characteristics; the biggest difference from ruminants
is that donkeys are hindgut fermentation. The donkey has a well-developed hindgut
structure with a length of more than 4.5m and a volume of more than 1101, which is
approximately 16 times the volume of its foregut (Liu et al., 2019).

The animal gut tract has a complex microbial ecosystem, and the microorganisms in
the gut were closely related to the life activities of the host, which may affect growth and
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metabolism, nutritional digestion, immunity, and the ability to
resist invading pathogens (Egert et al., 2006; Edgar, 2013). Studies
have shown that the region (He et al., 2018) and environment
(Rothschild et al., 2018) were the main factors affecting gut
microbes. The environment is one of the factors that cause and
maintain the differences in and diversity of gut microbes in the
hosts of different regions. The proportion of shared flora decreases
exponentially with an increase in the distance from the host
distribution area, resulting in a gradual increase in the difference
in flora (Moeller et al., 2017). Monaghan et al. (2020) studied the
structure, function, antibiotic resistance, and resistance to
Clostridioides difficile infectious diarrhea of gut microbes in 105
urban and rural populations in central India and found that the
composition of bacteria and viruses in the gut has obvious urban-
rural differences, with geography having the greatest impact.
Studies had shown that geographical conditions played a key role
in shaping the diversity of the gut flora of iguanas, bats, and
European fireflies (Lankau et al, 2012; Phillips et al., 2012;
Sudakaran et al.,, 2012). Additionally, the research on factors
influencing the gut flora of mice and fish had also found that hosts’
geographic conditions and diet affected the composition and
structure of the gut flora (Sullam et al., 2012). Lorenc et al. (2014)
used 454 pyrosequencing technology to sequence the 16S rRNA
of 121 house mice in eight regions of Western Europe and found
that geographical conditions were the main factors that
determined the colonization pattern of the gut microbial
community. These results indicate that microbiome interventions
to improve clinical treatment should focus on
geographical specificity.

The diversification of ecological types in China has created
abundant donkey resources. More than 30 donkey species have
been observed, such as the Tibetan Plateau Qinghai donkey (QH,
in a plateau continental climate) and the Shandong Dezhou
donkey (DZ, in a temperate monsoon climate in the North China
Plain). Different regions often have different environmental
conditions, and how host and symbiotic bacteria adapt to different
environments has been investigated (Zhou et al., 2016). At this
stage, although attention to the research on gut microbes has been
increasing, few studies have investigated donkey gut microbes. In
this study, a high-throughput 16S rRNA sequencing method
combined with metagenomics was used to study the composition
and structure of donkey gut microbes, as well as the commonality
and characteristics of donkey gut microbes in different regions
(Qinghai, Dezhou), laying a foundation for further research.

Materials and methods

Sample collection and DNA extraction in
16S rRNA analysis

A total of 12 healthy adult donkeys aged 5-10years old with
medium condition were used in this study: 6 Qinghai donkeys
(QH, three males and three females) from the Qinghai region
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(altitude >3,000m) and 6 Dezhou donkeys (DZ 3 males and 3
females) from Shandong Province (altitude <30 m). Both QH and
DZ were stall-feeding with similar feeding management. After
the donkeys were slaughtered, correctly separated the stomach,
small intestine, cecum and rectum, fasten the joints of each
segment with a rope, took samples from the middle of each
segment, and took equal volumes of contents from the
duodenum, jejunum and ileum, the contents were mixed as the
small intestine contents. Fresh fecal contents from the stomach,
small intestine, cecum, and rectum were collected and
immediately stored in liquid nitrogen.

16S rRNA sequencing and analysis

Genomic DNA was extracted using a DNA extraction kit
(Omega Bio-tek, Norcross, GA, United States) and measured on
a 1% agarose gel by using a UV-Vis spectrophotometer (Thermo
Fisher Scientific, Wilmington, United States). The hypervariable
region V3-V4 of the bacterial 16S rRNA gene was amplified using
fusion primers (F:5-ACTCCTACGGGAGGCAGCAG-3" and
R:5’-GGACTACHVGGGTWTCTA AT-3’). PCR was performed
in a total volume of 20 pl containing 4 pl 5% TransStart FastPfu
buffer, 2 pl 2.5 mmol/L dNTPs, 0.8 ul forward primer (5pmol/L),
0.8 pl reverse primer (5pmol/L), 0.4 pl TransStart FastPfu DNA
Polymerase, 10 ng template DNA, and ddH,O up to 20 pl. PCR
amplification was conducted as follows: initial denaturation at
95°C for 3 min; followed by 27 cycles of 95°C for 305, 55°C for
30s, and 72°C for 45s; and a final extension at 72°C for 10 min.
The PCR products were extracted from a 2% agarose gel, and the
purified amplicons were pooled in equimolar amounts and
sequenced in a paired-end manner on the Illumina NovaSeq
PE250 platform (Illumina, San Diego, United States). With the
aim of obtaining high-quality clean reads, raw reads were
demultiplexed and filtered by fastp version 0.20.0 (Chen et al.,
2018) and merged by FLASH version 1.2.7 (Magoc and Salzberg,
2011) using the following criteria: reads with a length less than
50bp, average base quality value less than 20, and N bases after
shearing were removed. Next, filtered reads were assembled into
raw tags according to the overlapping sequences of more than
10bp, with a 0.2 mismatch. OTUs with a 97% similarity cut-off
(Stackebrandt and Goebel, 1994; Edgar, 2013) were clustered using
UPARSE version 7.1, and chimeric sequences were removed. The
taxonomy of each OTU representative sequence was analyzed
using RDP Classifier version 2.2 (Wang et al., 2007) against the
16S rRNA database (Silva v138), with a confidence threshold of 0.7.

Metagenomic sequencing and analysis
On the basis of 16S rRNA sequencing results, 5 QH and 5 DZ
rectal content samples were selected for metagenomic sequencing,

and the extracted genomic DNA was submitted to Majorbio
Bio-Pharm Technology Co., Ltd. (Shanghai, China). DNA
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fragments with an average size of approximately 400bp were
obtained using sonication. Paired-end sequencing was performed
on an Illumina NovaSeq platform.'

Raw reads from metagenome sequencing were used to
generate clean reads by removing adaptor sequences, trimming,
and removing low-quality reads using fastp (Chen et al., 2018)
(version 0.20.0). These high-quality reads were then assembled
into contigs using MEGAHIT (Li et al., 2015) (https://github.com/
voutcn/megahit, version 1.1.2), which used succinct de Bruijn
graphs. Contigs with a length greater than or equal to 300 bp were
selected as the final assembling result. Open reading frames
(ORFs) in contigs were identified using MetaGene (Noguchi et al.,
2006). Predicted ORFs with lengths greater than or equal to 100bp
were retrieved and translated into amino acid sequences by using
the NCBI translation table. A non-redundant gene catalog was
constructed using CD-HIT (Fu et al, 2012) (http://www.
bioinformatics.org/cd-hit/, version 4.6.1) with 90% sequence
identity and 90% coverage. After quality control, reads were
mapped to the non-redundant gene catalog with 95% identity by
using SOAPaligner (Li et al., 2008), and gene abundance in each
sample was evaluated. Functional information was obtained: gene
sequences were compared with those of the non-supervised
orthologous groups (eggNOG) and KEGG databases. LEfSe
analysis was performed to distinguish the functional components
that had significant differential effects between the QH and
DZ groups.

Results

16S rRNA sequencing results for gut
parts

Alpha diversity and species composition
analysis

The 16S rRNA sequencing generated 2,348,518 reads in the
original sequence, and the number of bases was 1,413,807,836 bp.
After filtering, 2,348,518 reads and 984,132,676 bp were obtained.
The average length of the effective sequences of all samples was
419bp. There were 4,173 operational taxonomic units (OTUs),
including 33 OTUs at the phylum level and 815 OTUs at the
genus level.

There was no evident difference between sexes in the same
geographic location in the QH and DZ. The richness and diversity
of the eight groups were shown in Figure 1. The Shannon index
curve gradually flattened after rising, indicating that the
sequencing data had reached saturation and could cover most
species of the gut microbiome community (Figure 1A). The
Shannon, Simpsoneven, and Ace indices showed significant
differences among the stomach, small intestine, cecum, and
rectum. The alpha diversity of QH was significantly higher than
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that of DZ, suggesting that the bacterial diversity of QH and DZ
was significantly different (Figures 1B-D).

At the phylum level, Firmicutes was the predominant phylum
in all gut parts (the average proportion was 58.38%), and
Bacteroidetes accounted for a large proportion in the cecum and
rectum (36-58%) (Figures 2C,E). The proportion of Firmicutes
was highest in the DZ-Small intestine and higher than that in the
QH-Small intestine (p=0.0370), QH-Rectum (p=0.0400), and
QH-Stomach (p=0.0019). The proportion of Bacteroides in the
cecum and rectum was higher than that in the stomach and small
intestine in the QH and DZ (p=0.0010) (Figure 2E). The
proportion of Proteobacteria in QH-Stomach (25.13%) and
QH-Small intestine (46.88%) was higher than that in other groups;
Cyanobacteria accounted for the largest proportion of 32.77% in
QH-Stomach, which was a potential biomarker to distinguish QH
and DZ donkeys (Figures 2A,C,E). The proportion of Spirobacteria
in the cecum and rectum was higher than that in the stomach and
small intestine in QH and DZ (p=0.0010), the proportion of
Spirobacteria in QH-Small intestine was higher than DZ-Small
intestine (p=0.0480), and that in QH-Cecum was higher than
DZ-Rectum (p=0.0400) (Figure 2E). Notably, the QH-Small
intestine had two unique phyla: Caldisericota and Hydrogenedentes
(Figure 2A).

At the genus level, 276 bacteria were identified, of which were
125 species (45.29%) were present in all groups. Based on the
identified genera, the species of the bacterial community was rich
in the cecum and rectum of QH and DZ (Figures 2B,D). After
comparative analysis, the Lactobacillus content in the DZ-Small
intestine was the highest, the average relative abundance in the
QH-Stomach and QH-Small intestine was lower than that in the
DZ-Stomach and DZ-Small intestine (p =0.0200), and QH-Cecum
and QH-Rectum were less abundant than in the DZ-Cecum and
DZ-Rectum (p=0.0100). Streptococcus was most abundant in the
QH-Small intestine and was significantly lower in the QH-Rectum
than in the QH-Stomach (p=0.0400) and DZ-Cecum (p=0.0300).
The number of Rikenellaceae was higher in the cecum and rectum
than in the stomach and small intestine in QH and DZ and higher
in QH-Rectum than in QH-Cecum (p=0.0400). Actinobacteria
were present in the QH-Stomach and QH-Small intestine;
chloroplasts were present only in the QH-Stomach (p=0.0010) and
could be potential biomarkers that differentiate between QH and
DZ donkeys (Figures 2D,F).

Beta diversity analysis

Principal coordinate analysis (PCoA) showed significant
geographical differences between QH and DZ, and the microbial
communities of the same or adjacent regions (stomach and small
intestine, cecum, and rectum) were more similar than those in
other regions (Figure 3A).

LEfSe was used to further determine whether the four sites of
QH were differentially enriched for specific bacterial taxa
compared to DZ. A cladogram representing the taxonomic
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hierarchy of the microbiota from phylum to species indicated
significant differences in phylogenetic distribution among the
eight groups of microbial communities (Figure 3B).

As indicated by the LDA plot in Figure 3C, when the LDA
threshold was set to 4, the key discriminators were Cyanobacteria
and  Chloroplast QH-Stomach; Proteobacteria and
Gammaproteobacteria in QH-Small intestine; Clostridia and
Lachnospirales in QH-Cecum; Rikenellaceae and Lachnospiraceae_
AC2044_group in QH-Rectum; Lactobacillales and Bacilli in
DZ-Small intestine; Prevotellaceae and Spirochaetota in
DZ-Cecum; and Bacteroidales and Bacterodia in DZ-Rectum.
These results indicated a significant difference in the microbiota
composition of QH and DZ.

in

Metagenomic analysis of functional
pathways

After filtering, 729,568,690 reads and 110,083,165,328 bp were
obtained. After assembly, 8,557,798 contigs were received, with an
average length of 674,840,711 bp and N50 of 8,928 bp. Finally,
11,963,437 ORFs were generated. The pathways were analyzed
using the eggNOG, Kyoto Encyclopedia of Genes and Genomes
(KEGG), and CAZyme databases.
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In the eggNOG function analysis, there were 24 COG
functions were present in the QH and DZ groups (Figure 4A). In
addition to function unknown [S], the most abundant functions
were replication, recombination, and repair [L] (9.56%) and
carbohydrate transport and metabolism [G] (8.04%) (Figure 4B).
Bacteroidales were the major contributors to these functions in the
QH group (Figure 4C). We identified 12 COGs (Figure 4D). Seven
functional COG categories were identified in QH, including signal
transduction mechanisms [T] (p=0.0204) and carbohydrate
transport and metabolism (Figure 4E). Five functional COG
categories were in the DZ, except for function unknown [S],
including replication, recombination, and repair [L] (p=0.0249)
(Figure 4F).

KEGG function analysis revealed 431 functions present in the
QH and DZ groups (Figure 4G). The top two pathways with the
highest abundance were metabolic pathways (17.68%) and
biosynthesis of secondary metabolites (8.08%) (Figure 4H). In the
KEGG species and function contribution picture, Lachnospiraceae
had the highest contribution rate in QH, which was higher than
that in DZ, whereas Clostridiales had the most abundant function
in DZ, which was more than that in QH. Furthermore,
Clostridiales and Lachnospiraceae contributed the most to the
functional ATP-binding cassette (ABC) transporters (Figure 41).
In Figure 4], 15 representative pathways were significantly
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enriched in QH, including aminoacyl-tRNA biosynthesis
(p=0.0430) (Figure 4K) and oxidative phosphorylation. Ten
pathways were significantly enriched in DZ, including metabolic
pathways (p=0.0370) (Figure 4I), quorum sensing, and
peptidoglycan biosynthesis.

Based on the KEGG annotation results, the differential
detection and visual analysis of differentially abundant enzymes
were performed for a certain pathway. Metabolism had the highest
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functional enrichment at level 2, and the top 3 functional
abundances were global and overview maps, carbohydrate
metabolism, and amino acid metabolism (Figure 5A). The most
abundant carbohydrate pathway was glycolysis and
gluconeogenesis, and differences in their metabolic pathways were
shown in Figures 5B,C. Pyruvate ferredoxin oxidoreductase
(EC:1.2.7.1, comprising four subunits, porA, porB, porG, and

porD), 2,3-bisphosphoglycerate-independent phosphoglycerate
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mutase (EC:5.4.2.12, comprising three subunits, gpml, gpmB, and
apgM) were higher in QH than in DZ (p <0.05), phosphoglycerate
kinase (PGK) (EC:2.7.2.3), and acetyl-CoA synthetase (EC:6.2.1.1,
comprising 2 subunits of ACSS and AAE7) was higher than that
of DZin QH (p<0.01).

Discussion

The elevation of the Qinghai was higher than that of Dezhou,
and the temperature and oxygen concentration decreased with an
increase in elevation. The species composition of the gut flora was
susceptible to environmental temperature, and decreased
environmental temperature leads to a decrease in the alpha
diversity of the flora (Chevalier et al., 2015; Moreno-Navarrete
and Fernandez-Real, 2019). The alpha diversity of the gut flora of
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mice living at 12°C for a long time was significantly lower than
that of mice living at 29°C (Zietak et al., 2016). However, other
studies had found that the structure of the gut flora of mice living
in a warm environment (22°C) was similar to that of mice living
in a cold environment (4°C) (Li et al., 2019a,b). In addition, the
community structure of the host gut flora remains stable in long-
term hypoxic environments (Lucking et al., 2018; Khanna et al.,
2021). Liu et al. (2020) analyzed the gut of Tibetan wild ass and
African wild ass in the Qinghai region by using 16S rRNA genes
sequencing; the results showed no significant difference in alpha
diversity between the two groups, but the difference in beta
diversity was significant. Tibetan wild ass had a relatively more
complex bacterial network and a stronger dry matter digestion
ability than the African wild ass. In this study, the diversity and
richness of the flora of the Qinghai donkey were higher than those
of the Dezhou donkey (Figure 1), indicating that the Qinghai
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FIGURE 4

Functional composition and differences. Venn Figures in COG (A) and KEGG (G). Overlapping parts indicate functions common to multiple sample
groups; non-overlapping parts indicate functions unique to the sample group; and numbers indicate the number of corresponding functions.
Circos Figures in COG (B) and KEGG (H). The left semicircle (smaller circle) represents the functional abundance composition of the sample, and
the right semicircle (larger circle) represents the distribution ratio of functions in different samples under this clustering-level condition. Species
and functional contributions were shown in COG (C) and KEGG (l); the abscissas were the corresponding sample groups, and the ordinates were
the relative contributions. LDA discriminant histogram in COG (D) and KEGG (J): the abscissa is the LDA score—the greater the LDA score, the
greater the influence of species abundance on the differential effect—and different colors represent different groups. Difference test box in COG
(E,F) and KEGG (K,L): The abscissa represents the grouping category name, and the ordinate represents the percentage of species abundance in a
sample grouping.

donkey may have unique gut flora that can adapt to the hypoxic the small intestine; and Firmicutes and Bacteroidetes in the cecum
environment of the Tibetan Plateau. and rectum. We concluded that Firmicutes and Proteobacteria

At the phylum level (Figure 2C), the dominant flora of the were the dominant phyla in the foregut of QH, and Firmicutes and
Qinghai donkey were Firmicutes, Proteobacteria, and Bacteroidetes were the dominant phyla in the hindgut of QH. The
Cyanobacteria in the stomach; Firmicutes and Proteobacteria in dominant flora of the Dezhou donkey were Firmicutes and
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(C) Histogram of differences in metabolic pathways between groups. In the legend, G1 and G2 correspond to different groups.

Bacteroidetes in the stomach, Firmicutes in the small intestine, and
Firmicutes and Bacteroidetes in the cecum and rectum. The
abundance of Firmicutes in the Dezhou donkey foregut was higher
than that in the hindgut, and that of Bacteroidetes in the hindgut
was higher than that in the foregut. In equine animals, the foregut
was mainly responsible for the digestion and absorption of food,
with slight fermentation, and the hindgut was related to microbial
fermentation, especially the large intestine (Argenzio et al., 1974,
1977; DiBaise et al., 2008). Firmicutes mainly uses carbohydrates
in herbivores (Brulc et al., 2009), which can improve animal
immunity and enhance gut function. Bacteroides have abundant
genes encoding carbohydrate-active enzymes and can easily
switch according to the availability of energy source types in the
gut (Flint et al., 2012). Bacteroides were significantly enriched in
the digestion-related microbiota of the large intestine and were
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not affected by the location of the gut in the mucosal-related
microbiota. Firmicutes and Bacteroides were the two most
dominant phyla among several other herbivores, such as goats (Li
et al., 2019a,b), cattle (Mao et al., 2015), and horses (Al and
Andrews, 2009). Previous research and this study suggest that the
accumulation of Firmicutes and Bacteroidetes in the large intestine
may help the host adapt to the complex internal environment.

At the genus level, Lactobacillus dominates the foregut, and
Streptococcus dominates the hindgut. Lactobacillus can degrade
fibrous carbohydrates (e.g., pentose, hexose, and starch),
participate in the uncoupling of bile salts (Bao et al., 2012), and
produce antimicrobial substances (e.g., bacteriocins and lactate)
or compete with pathogens for mucosal adhesion sites and
nutrients to inhibit the proliferation of pathogens (Umu et al.,
2017). Lactate, the fermentation product of Lactobacillus, can
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acidify the gut mucosa. Research on horses found that
the
Streptococcus was significantly increased in the duodenum (Costa

Lactobacillus  species dominated stomach, whereas
etal, 2015). In another study of DZ, the foregut microflora was
dominated by Lactobacillus, and the hindgut microflora was
dominated by Streptococcus, and Lactobacillus and Streptococcus
were beneficial probiotics for equine animals (Liu et al., 2019).

In this study, the abundance of Firmicutes, Fibrobacteres,
Verrucomicrobia, and Spirochaetes in the rectum was higher in QH
than in DZ, and Bacteroidetes and Clostridiales were more
abundant in the rectum of DZ than that of QH. Most bacteria in
Firmicutes were butyrate-producing, and butyrate was one of the
final metabolites of polysaccharides (Pryde et al, 2002).
Polysaccharides entering the gut were crucial factors affecting the
physiological state and composition of gut commensal bacteria.
Butyric acid plays an important role in maintaining the integrity
of rectal tissues and can prevent colon disease. Studies have shown
that more than 35% of the enzymes required for animal digestion
and metabolism were produced in the gut flora, and 25% of these
enzymes were involved in carbohydrate metabolism (Gill et al.,
2006). Firmicutes encode few carbohydrate-degrading enzymes
but more ABC transporters (ATP-binding transporters) to
transport carbohydrates (Mahowald et al, 2009). The most
important carbohydrate transport system is the ATP-ABC-type
transport system (Turroni et al., 2018). Bacteroides, the second
most dominant group in the intestine, can degrade carbohydrates
and provide the host with 10-15% of energy from food. Due to the
efficient polysaccharide degradation system of Bacteroidetes and
its ability to produce large amounts of short-chain fatty acids,
Bacteroidetes has become the most studied strain in the
transportation and utilization of polysaccharides in the intestinal
flora, and approximately 20% of the genes in their genomes were
used to complete the decomposition of sugar, also a possible
reason why it had become a dominant strain (Singh, 2019). Jena
et al. (2016) fed rats with a high-sugar diet for 60days: the
proportion of Escherichia coli and Clostridium in the intestinal
tract increased, and the content of Lactobacillus decreased. They
also investigated the composition of fecal microbiota and
pro-inflammatory cytokines in serum by denaturing gradient gel
electrophoresis. They found that the expression of genes such as
TLR2, TLR4, and NF-kB increased in various tissues, and the
inflammatory response in blood and tissues was enhanced, which
significantly affected their metabolic status.

Besides, Proteobacteria, Cyanobacteria, Actinobacteria, and
chloroplasts exist almost exclusively in the foregut of donkeys in
the QH region. Actinobacteria affect various metabolic and
physiological activities, including the production of extracellular
enzymes, antibacterial activity, and formation of other secondary
metabolites (Schrempf, 2001; Zhao et al., 2018). Cyanobacteria
and Chloroplasts were involved in pathways related to
photosynthesis (Crespo-Piazuelo et al., 2018). These flora became
the potential biological markers to distinguish the two donkey
breeds of QH and DZ.

The results of the present study suggest that QH had more
pathways enriched in the glycolysis and gluconeogenesis pathways
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of carbohydrate metabolism than DZ did. The metabolic pathway
results demonstrated that pyruvate ferredoxin oxidoreductase and
acetyl-CoA synthetase participate in the citrate cycle, and PGK
and 2,3-bisphosphoglycerate-independent phosphoglycerate
mutase participate in the carbon fixation in photosynthetic
organisms. In Methanosarcina species, ferredoxin was shown to
be involved in methanogenesis from acetate (Ferry, 1993). H,
formation from pyruvate was stimulated by ferredoxin; thus, it
may act as an electron carrier between pyruvate oxidoreductase
and pyruvate hydrogenase (Hatchikian et al., 1982). All the tested
archaea contained pyruvate ferredoxin oxidoreductase, which
played a role in catabolism and anabolism. Thus, pyruvate
ferredoxin oxidoreductase appears to represent the only
mechanism for pyruvate acetyl-CoA conversion in the archaeal
domain (Tkeda et al.,, 2006). Notably, 2,3-Diphosphoglycerate-
independent phosphoglycerate mutase (IPGAM) catalyzes the
reversible conversion of 3-phosphoglycerate (3-PGA) to
2-phosphoglycerate (2-PGA) during glycolysis key enzyme
(Johnsen and Schonheit, 2007). There were two isoforms of PGK
in the human genome, PGK1 and PGK2, with similar structures
and functions, and more than 80% of the amino acid sequences
were similar (McCarrey et al., 1992). PGK1 was the first key
enzyme that generates ATP in the glycolytic pathway, and its
participation in glycolysis was the main function of PGK1, which
was important for the continuously production of cellular energy
under hypoxic conditions (Sun et al., 2015). Acetyl-CoA was a
central metabolite in carbon and energy metabolism. In
mammalian cells, carbohydrates were converted into various
biomolecules via many processes. Carbohydrates were first
decomposed into acetyl-CoA, and then acetyl-CoA was used as a
precursor for anabolism. This pathway was an important for the
conversion of sugars into other biomolecules. The main synthesis
pathways of mitochondrial acetyl-CoA comprise oxidative
decarboxylation of the glycolysis product pyruvate, fatty acid
f-oxidation, and branched-chain amino acid decomposition.
Mitochondrial acetyl-CoA normally enters the tricarboxylic acid
cycle for further metabolism (Boroughs and DeBerardinis, 2015).
Although the available energy produced by gluconeogenesis and
glycolysis was limited, this approach can supplement the much-
needed energy for muscle hypoxia during heavy physical labor or
long-term strenuous exercise, which was consistent with the
environmental and service conditions of QH. The aforementioned
analysis demonstrated that the main enriched metabolic pathways
of QH donkeys were carbohydrate metabolism, and they were
mainly enriched in glycolysis and gluconeogenesis pathways.

Conclusion

In this study, we investigated the differences in gut microbes
in QH from the Tibetan Plateau and DZ by using 16S rRNA gene
high-throughput sequencing and metagenomic sequencing. The
results showed that the flora diversity and richness of QH were
higher than those of DZ, and the flora diversity and richness of the
hindgut were higher than those of the foregut, with no sex
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difference. The major pathways associated with the Qinghai
donkey were signal transduction mechanisms and carbohydrate
transport and metabolism, and Bacteroidetes were the major
contributor to these functions.
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