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Animal gut microbiota plays an indispensable role in host adaptation to different
altitude environments. At present, little is known about the mechanism of animal
gut microbiota in host adaptation to high altitude environments. Here, we selected
wild macaques, humans, and dogs with different levels of kinship and intimate
relationships in high altitude and low altitude environments, and analyzed the
response of their gut microbiota to the host diet and altitude environments. Alpha
diversity analysis found that at high altitude, the gut microbiota diversity of wild
macaques with more complex diet in the wild environments is much higher than
that of humans and dogs with simpler diet (p<0.05), and beta diversity analysis
found that the UniFrac distance between humans and dogs was significantly
lower than between humans and macaques (p<0.05), indicating that diet strongly
drive the convergence of gut microbiota among species. Meanwhile, alpha
diversity analysis found that among three subjects, the gut microbiota diversity
of high altitude population is higher than that of low altitude population (ACE
index in three species, Shannon index in dog and macaque and Simpson index
in dog, p<0.05), and beta diversity analysis found that the UniFrac distances
among the three subjects in the high altitude environments were significantly
lower than in the low altitude environments (p<0.05). Additionally, core shared
ASVs analysis found that among three subjects, the number of core microbiota in
high altitude environments is higher than in low altitude environments, up to 5.34
times (1,105/207), and the proportion and relative abundance of the core bacteria
types in each species were significantly higher in high altitude environments
than in low altitude environments (p<0.05). The results showed that high
altitude environments played an important role in driving the convergence of
gut microbiota among species. Furthermore, the neutral community model trial
found that the gut microbiota of the three subjects was dispersed much more at
high altitude than at low altitude, implying that the gut microbiota convergence of
animals at high altitudes may be partly due to the microbial transmission between
hosts mediated by human activities.

high altitude environment, convergent adaptation, gut microbiota, 16S rRNA gene,
rhesus macaque
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1. Introduction

The structure of gut microbiota is the result of the interaction and
coevolution of the host, as well as environmental factors (Blaut et al.,
2002). Animal genetic relationships (Goodrich et al., 2014), dietary
(De Filippo et al., 2010; Goodrich et al., 2014), altitude (Zhao et al.,
2018; Zeng et al, 2020), season (Xia et al, 2021), and other
environmental factors have a profound impact on the composition
and structure of gut microbiota. The diet structure of the host directly
influences the gut microbiota (De Filippo et al., 2010; Huang et al.,
2022), and similar diets drive the convergence evolution of gut
microbiota in animals (Huang et al., 2021). The gut microbiota of
pandas (Ailuropoda melanoleuca) and red pandas (Ailurus fulgens)
differ significantly from those of other species in the Carnivora order,
but they share a similar core gut microbiota as insects consuming
bamboo, indicating that their diet is a major driving force for the
convergence of gut microbiota in these species (Yao et al., 2021).
However, other studies also found that the composition of the gut
microbiota of giant pandas is more similar to that of bears and
completely different from that of other herbivores, with a low level of
cellulose digesting bacteria (Xue et al., 2015). Further research has
confirmed that the gut microbiota of giant pandas cannot adapt well
to the degradation of cellulose and lignin in the high-fiber bamboo
diet, but has evolved to utilize more digestible carbohydrates to
maximize the intake of nutrients and energy from bamboo (Zhang
etal., 2018). Through the fecal microbial transmission (FMT) of germ-
free (GF) mice, it was also found that in the first few days after FMT,
the difference of gut microbiota among GF mice with different donor
microbiota would decrease, but when the gut microbiota was stable,
the difference would increase, which proved that the gut microbiota
had greater impact than diet (Zhang et al., 2022). These studies show
that diet has limited influence on gut microbiota composition of
giant pandas.

Meanwhile, in vertebrates, gut microbiota compositional
differences among species are positively correlated with the
evolutionary divergence time of the host, and the gut microbiota
composition is more similar within host species than among species
(Moeller et al., 2017; Song et al., 2020; Dillard et al., 2022).
Additionally, environmental factors have been confirmed to
be closely related to the gut microbiota structure (Ley et al., 2008;
Zhao et al., 2018) and the extreme cold, the dry, hostile climate of
high altitude environments, high ultraviolet radiation, and low
oxygen content have important effects on the cardiovascular system,
energy metabolism, and body temperature retention of animals
(Simonson et al., 2010; Yu et al., 2016; Zhu et al., 2021). A variety
of mammalian gut microbiota also respond to this environmental
pressure, forming a composition of gut microbiota that adapts to
the high altitude environments, and play an important role in host
food digestion, energy metabolism, nutritional homeostasis,
immune regulation, signal transduction, and other physiological
activities (Backhed et al., 2005; Ley et al., 2006; Yan et al., 2021).

Abbreviations: ASV, Amplicon sequence variants; VFAs, volatile fatty acids; VN,
Venn; LEfSe, Linear Discriminant Analysis (LDA) Effect Size; ANOSIM, Analysis of
similarities; PCoA, Principal Co-ordinates Analysis; NCM, neutral community
model; FMT, Fecal microbial transmission; GF, Germ-free; SBP, Systolic blood

pressure.
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Studies on humans (Li and Zhao, 2015; Li K. et al., 2016), macaques
(Zhao et al., 2018; Wu et al., 2020), pigs (Zeng et al., 2020), and
other mammals (Li H. et al., 2016) showed that altitude differences
in environmental factors have an important influence on gut
microbiota composition. The high altitude rumen microbiota of yak
and Tibetan sheep exhibited a convergent phenomenon, with
significantly lower levels in production of methane and volatile fatty
acids (VFAs) (Zhang et al., 2016). The high altitude environments
drive the diversity of gut microbiota composition and convergent
evolution of indicator microbiota in ungulates (Wang et al., 2022).
Studies on a variety of ungulates living in high altitude
environments, such as the Tibetan antelope (Pantholops hodgsoni)
and Tibetan sheep, also found that they have a similar composition
of gut microbiota (Ma et al., 2019). These studies fully illustrate that
high altitude, extreme environments have important driving effects
on the compositional structure of the gut microbiota of animals.
The animals gut microbiota are shaped by the dispersal of
organisms into habitats, followed by natural selection (i.e., habitat
filtration), drift, and in situ diversification (Vellend, 2010). Studies
have found that the mammalian microbiota is acquired vertically
2010;
Vaishampayan et al., 2010) through genetic effects and horizontally

from mother to offspring (Dominguez-Bello et al,

among non-relatives through social interactions and shared
environments (Tung et al., 2015; Moeller et al., 2016). The contact
between host species results in the widespread dissemination of
bacteria and homogenisation of microbial communities within
mammalian communities (Moeller et al., 2017). In addition, there
are routes of gut microbiota transmission between distantly related
vertebrate species through humans and urban environments
(Dillard et al., 2022), and the wildlife gut microbiota in its urban
environment is also gradually humanized (Dillard et al., 2022). The
gut microbiota composition of hosts is influenced by migratory
dispersal among different species and that activity patterns in
humans also drive the humanization of gut microbiota composition
in wildlife, which may have important consequences for the host
phenotype and environmental fitness (Fackelmann et al., 2021;
Dillard et al., 2022), however, the natural resource-dependent
lifestyle of human beings in high altitude areas is mainly based on
grazing and collection under forests, which means they have a high
temporal and spatial overlap with wild animals in the area. Little is
known about the impact of gut microbiota community composition
of wild and domestic animals, in particular, the degree of integration
of wild animals, domestic animals, and the human gut microbiota
in the extreme environment at high altitudes has not been
fully explored.

Studies on phylogenetic relationships showed that dogs are
different from humans and monkeys about 85 million years ago,
while humans differed from monkeys about 23.5-34 Ma ago (Dos
Reis et al., 2012). Meanwhile, rhesus macaques have high homology
with humans in morphology, physiology, biochemistry, genetics,
and reproduction (Chan et al., 2001) and are also one of the most
widely distributed animals in the natural environment. Dogs, as
important companion animals for humans, were domesticated
approximately 40,000 to 14,000 years ago and have a more similar
diet to humans and close contact with (Wang et al., 2013, 2016).
They are also one of the animals more deeply influenced by human
activities, the typical representative animals inhabited cultural
environments. Therefore, wild macaques, humans, and dogs are

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1067240
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhao et al.

ideal for evaluating the effects of diet and altitude environments on
the hosts gut microbiota. Here, we compared the gut microbiota
composition of humans, dogs and wild macaques housed at high
altitude (altitude >3,000 m) and low altitude (altitude <1,000 m)
environments, revealed the effects of diet and altitude environments
on the host gut microbiota, and assessed the effects of extreme
conditions at high altitude on the gut microbiota of wild macaques,
humans, and dogs. The results are important for understanding the
mechanism of environmental adaptation to high altitude for
humans and animals, as well as for the conservation of wildlife,
domestic animal feeding, and guiding the rational use of natural
resources by humans.

2. Materials and methods

2.1. Ethics statement

Before sample collection, all the animal work was approved by
the Animal Welfare and Animal Ethics Committee of Sichuan
Agricultural University (SKY-S20171006). The human samples and
the relevant information were kept confidential. All fieldwork was
granted permission by the Administration of Wild Animal and Plant
Protection, Nature Reserves, The Department of Forestry in Tibet
provincial region and Chongqing provinces.

2.2. Faecal sample collection

Due to the genetic relationship between coyotes and dogs,
we also downloaded 18 coyote data at low altitudes for comparative
analysis. A total of 152 fecal samples (40 human, 40 dog, 54 wild
macaque, and 18 coyote) were enrolled in our diversity study of gut
microbiota through a 16S rRNA gene V3-V4 high-throughput
sequencing approach. One hundred and nine samples were newly
collected in this study, and the data from 25 macaques and 18
coyotes at low altitude were retrieved from previously published
studies (SequenceRead Archive number: PRJNA535368,
PRJNA528764, and PRINA528765) (Sugden et al., 2020, 2021; Wu
et al,, 2020). A total of 7 groups were divided according to altitude
and animal species. The number of newly collected samples was
determined based on the number of individuals from most groups
of macaques, which, through our previous knowledge, had been
found to consist mostly of 40-50 individuals, including a certain
number of juvenile individuals. Therefore, we planned to collect a
sample size of 10-20 adult individuals per population, with the
number of samples from humans and dogs also determined with
reference to the number of samples from wild macaques. Among
them, wild macaque samples were collected from wild populations,
including those in Linzhi County of Tibet and Jiangjin County of
Chongging. The dog samples were collected at a Tibetan stray dog
shelter and a Yaan stray dog shelter. Human samples were collected
from Linzhou County, Lhasa, Tibet, and Yaan City, Sichuan
Province (Table 1; Figure 1). Through our observation, we found
that humans and dogs in Tibet eat a lot of high-protein food every
day, such as butter, yak meat, and highland barley, compared with
low altitudes in Yaan City, Sichuan Province, the intake of plant
fiber is relatively small. Meanwhile, in high altitude areas, due to the
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selection pressure of the extreme environments, the human lifestyle
is mainly based on natural resources, such as cutting cordyceps
under the forest, mushrooms, and grazing yaks, which increases the
spatial and temporal overlap with wild animals. In addition,
we collected human fecal samples from two different places at the
same altitude, and there is no direct kinship between these humans.
There is no direct kinship in the same species between high altitude
and low altitude. Moreover, the two sampling sites are far away from
each other, and there is no close contact between the sampling
population. For rhesus macaques sample collection, we choose a
continuous period of time in a day to follow the rhesus macaques
and take samples through direct observation. Samples with a
distance greater than 5 meters are recorded as samples from
different individuals. We followed groups of rhesus macaques for as
much fresh sample collection as possible in an hour, while
guaranteeing that no fewer than 20 fresh samples were collected per
population. For the downloaded macaques data, DNA extraction
methods, sequencing methods and primers are consistent with this
study. Therefore, we have not pursued a comparative discussion.
Fecal samples were collected with sterile gloves, put into the
sampling box at —20°C, and brought back to the laboratory for
storage at —80°C.

2.3. DNA extraction and PCR amplification

Microbial genomic DNA was extracted from fecal samples using
a TTANamp Stool DNA kit (Tiangen, Beijing, China). The integrity
of the extracted genomic DNA was verified by 1.0% agarose gel
electrophoresis. The V3-V4 regions of the bacterial 16S rRNA gene
(from 341 to 806) were amplified from extracted DNA using the
barcoded primers 341\u00BOF (5'- CCTACGGGNGGCWGCAG
—3’) and 806 R (5° GGACTACNVGGGTATCTAAT-3") (Fadrosh
et al, 2014), with a Biometra TOne 96G PCR thermocycler
(Germany). PCR amplification of the 16S rRNA gene was performed
as previously described in Wu et al. (2020) (Wu et al., 2020).
Specifically, the PCR was performed in a 50-pL reaction system
containing 1.5pL of each primer, 100ng template DNA, 5uL
10 x KOD Buffer, 5pL 2.5mM dNTPs, and 1 uL KOD polymerase.
The PCR conditions consisted of a denaturation step at 95°C for
2 min, and amplification was carried out with 27 cycles at a melting
temperature of 98°C for 10s, an annealing temperature of 62°C for
30s, and an extension temperature of 68°C for 30s. The final
extension step was performed at 68°C for 10 min. The barcoded PCR
products were purified using a DNA gel extraction kit (Axygen,
China) and quantified using Quantus™ Fluorometer (Promega,
USA) (Wu et al,, 2020). The purified amplicons were pooled in
equimolar amounts and paired-end sequenced on an Illumina Hiseq
PE250 platform, according to the standard protocols by Genedenovo
Inc. (Guangzhou, China).

2.4. Processing of sequencing data

Because the downloaded Coyote data were v4-v5 regions,
we used USEARCH for tiling alignments after processing the
sequences, and then used the plug-in “cutadapt” of QIIME2 to
remove paired end reads from the primers and truncate the V4
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TABLE 1 Sampling information table.

10.3389/fmicb.2023.1067240

Sample Altitude Sample source
number
HH1 Female 21
HH2 Female 21
HH3 Female 21
HH4 Female 20
HH5 Female 21 Lhasa City, Tibet 3650 Fecal
HHé6 Male 21
HH7 Male 22
HHS8 Male 22
HH9 Male 21
High altitude Human (HH) HH10 Male 21
HHI11 Female 46
HHI12 Female 41
HH13 Female 38
HH14 Female 46
HH15 Female 45 Linzhou County, Lhasa City, Tibet 3900 Fecal
HH16 Male 53
HH17 Male 37
HHI18 Male 28
HHI19 Male 34
HH20 Male 44
High altitude Dog (HD) HD1-20 — — Lhasa stray dog shelter 3650 Fecal
High altitude Rhesus macaques (HM) = HM1-19 — Adult Gongbujiangda County, Linzhi City 3400 Fecal
LH1 Female 25
LH2 Female 24
LH3 Female 25
LH4 Female 22
LH5 Female 22
LH6 Male 25
LH7 Male 24
LH8 Male 24
LH9 Male 26
Low altitude Human (LH) LH10 Male 29 Ya’an, Sichuan 560 Fecal
LH11 Female 44
LH12 Female 47
LH13 Female 46
LH14 Female 45
LH15 Female 46
LHI16 Male 46
LH17 Male 47
LHI18 Male 48
LH19 Male 45
LH20 Male 47
Low altitude Dog (LD) LD1-20 — — Yaan stray dog shelter 590 Fecal
Low altitude Rhesus macaques (LM) LMI1-10 — Adult Jiangjin County, Chongqing City 895 Fecal
LM11-20 — Adult Fengjie County, Chongging City 220 PRJNA535368
LM21-35 — Adult Longhushan, Guangxi 220 PRJNA535368
Low altitude Coyote (LW) LM1-18 — — Dround Edmonton, Alberta, Canada - PRJNA528764
PRJNA528765
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FIGURE 1
Sample collection profile.

region for subsequent analysis (Hall and Beiko, 2018). The plug-in
“DADA?2” was used to control sequence quality, correct amplicon
errors, and generate ASVs (Callahan et al., 2016). Chimeras were
filtered and the ASVs present in at least 2 samples were retained.
Based on Silva_ 132 databases, trained a classification classifier
against the bacterial V4 region of the 16S rRNA gene, and used this
classifier to generate a classification map of out data. The resulting
alignment was used for subsequent statistical analysis. Furthermore,
the beta diversity distance matrices of the microbial community
were calculated and performed by QIIME2.

2.5. Statistical analysis

The alpha diversity Shannon index, ACE index, Simpson index,
weighted and unweighted UniFrac distances were calculated by
Qiime 2, and the Statistics significance test for each group in R
statistical software (version 4.1.3). Linear Discriminant Analysis
(LDA) Effect Size (LEfSe) was analyzed and visualized through
Galaxy online platform. Venn (VN) map analysis and visualization
were done via the online platform EVenn (Chen et al,, 2021).
Principal Co-ordinates Analysis (PCoA) and neutral community
model (NCM) analysis were done by R (Chen et al., 2019), and part
of the results visualization was done by the online platform
ImageGP (Chen T. et al., 2022).
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3. Results

3.1. Multivariate statistical analysis of gut
microbiota diversity

After quality filtering, we obtained 14,331,096 raw reads across
152 fecal samples. The sequences were clustered at 100% sequence
identity and 4,320 Amplicon sequence variants (ASVs) were
generated. After dilution flattening by the minimum number of
sequences, the ACE index (mean+SD, 445+269), Shannon index
(mean +SD, 3.81£0.97), and Simpson index (mean + SD, 0.09+0.07)
were used to assess the gut microbiota alpha diversity (Figures 2A-C;
Supplementary Table S1). The results showed that the gut microbiota
diversity of wild macaques in the same altitude environments was
significantly higher than that of other species (p <0.05). There was no
significant difference in the diversity between humans and dogs in the
high altitude environments, and there was no significant difference in
the ACE index between humans and dogs in the low altitude
population, however, the Shannon and Simpson indexes showed that
the diversity of humans was significantly higher than that of dogs. A
comparison of high altitude populations with low altitude populations
of the same species found that the in high altitude environments, the
ACE index of three species is significantly higher, the shannon index
of dogs and macaques is significantly higher, and the simpson index
of dogs is significantly lower (p <0.05).
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FIGURE 2
Microbiota alpha diversity analysis of fecal samples among wild macaques, humans and dogs in high altitude and low altitude environments. The alpha
diversity among different groups (A) ACE index; (B) Shannon diversity; (C) Simpson diversity. The same letter indicates the difference is not significant
(T-test, p>0.05). HH stands for high altitude humans, HD stands for high altitude dogs, HM stands for high altitude wild macaques, LH stands for low
altitude humans, LD stands for low altitude dogs, LM stands for low altitude wild macaques, LW stands for low Coyote.

VN map analysis found 1,105 core shared ASVs (core
microbiota) among wild macaques, humans, and dogs in high
altitude environments, which accounted for 45.97%, 56.41%, and
56.23% of the proportion in the total types in each species,
respectively (Figure 3A, Supplementary Table S2). The relative
abundances of these core microbiota in wild macaques, humans,
and dogs gut microbiota in high altitude environments were
89.16%, 92.18%, and 95.97%,
Supplementary Table S2). The relative abundance of the core

respectively (Figure 3B;
microbiota between humans and dogs is more than 97%, however,
there were 207 core shared ASVs among wild macaques, humans,
and dogs at low altitudes, which accounted for 10.03%, 25.71%,
and 23.58% of the proportion in the total types in each species,
respectively (Figure 3C; Supplementary Table S2), and the relative
abundances of these core microbiota in the gut microbiota of wild
macaques, human, and dogs at low altitude were 27.65%, 73.39%,
and 83.19%, respectively (Figure 3D; Supplementary Table 52). In
these three subjects, the proportion and relative abundance of the
core bacteria types in each subjects were significantly higher in
high altitude environments than in low altitude environments
(p<0.05; Figures 3E-H), indicating that the gut microbiota
composition of wild macaques and dogs was significantly more
similar to that of humans at high altitude. At the same altitude,
comparisons among different species also found that the number
of core shared ASVs, the proportion and relative abundance of
core bacterial types were higher in high altitude populations than
in low altitude populations (Supplementary Table S3). In addition,
it was found that the number of species-specific ASVs of wild
macaques, humans, and dogs was also higher in high altitude
environments than that at low altitude (HH: 1,281, HM: 1,229,
HD: 1,409), but the abundance of these specific ASVs was lower,
however, the relative abundance of core shared ASVs in high
altitude environments of the same species was above 75%. The 578
core shared ASVs were identified in humans at high and low
altitudes, and the relative abundance of these shared ASV's was
77.54% at high altitudes and 94.95% at low altitudes. There were
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1,175 core shared ASVs in wild macaques at high and low
altitudes, and the relative abundance of these core shared ASVs
was 84.13% at high altitudes and 81.87% at low altitudes. There
were 556 core shared ASV's in dogs at high and low altitudes, and
the relative abundance of these core shared ASVs was 85.93% at
high altitudes and 95.57% at low altitudes. This shows that the
core microbiota in the same species is conservative
(Supplementary Figure SI).

The distribution of beta diversity measures (weighted and
unweighted UniFrac distances) was compared for the different
geographical populations. PCoA was used to show the patterns of
separation among different groups. PCoA analysis based on
unweighted UniFrac distance shows that distinct clusters were
clearly formed between the same species in high altitude and low
altitude environments, and the distance between human and dog in
the same altitude environments was significantly smaller than that
between humans and macaques (Figure 4A). PCoA analysis based
on weighted UniFrac distance shows that there is no obvious
separation between different groups (Figure 4B). And the
comparison between different species at the same altitude shows
that the distance between dogs and wolves at low altitude is closer
and that between humans and dogs at high altitude is closer
(Figure 4B). The Wilcoxon rank sum test, based on weighted and
unweighted UniFrac distance among different species at high and
low altitudes, also found that the distance among wild macaques,
humans, and dogs gut microbiota at high altitudes were significantly
lower than that at low altitudes (p <0.05, Figures 4C,D), which fully
showed that the similarity of gut microbiota composition of wild
macaques, humans, and dogs at high altitudes was significantly
higher. Comparisons between different species also found that
unweighted UniFrac distance between humans and dogs was
significantly smaller than between humans and macaques in high
altitude and low altitude environments (p < 0.05, Figures 4E,G). The
weighted UniFrac distance between human and dog was
significantly smaller than that between humans and macaques in
high altitude environments (p<0.05, Figure 4F), whereas the
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opposite was true in low altitude environments (p>0.05,
Figure 4H). In addition, our PCoA analysis of the gut microbiota
compositional structures between dissimilar human sex and ages
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based on the weighted and unweighted UniFrac distances, in
humans, the gut microbiota composition of individuals older than
30years and younger than 30 years of age was not clearly separated,
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Supplementary Figures S2A,B). There were also no significant
the (p>0.05,

and adonis analysis also showed that there was no significant

difference in gut microbiota composition between individuals older  differences between sexes

than 30years and those younger than 30years of age (p>0.05,  Supplementary Figures S2C,D).
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Gut microbiota taxonomic composition. Composition of gut microbiota among different groups at (A) phylum level, (B) family level and (C) genus
level. The same letter indicates the difference is not significant (p>0.05). HH stands for high altitude humans, HD stands for high altitude dogs, HM
stands for high altitude wild macaques, LH stands for low altitude humans, LD stands for low altitude dogs, LM stands for low altitude wild macaques,

3.2. Taxonomy-based comparisons of gut
microbiota

Across all ASVs, the taxonomic analysis identified 29 known
bacterial phyla, 184 families, and 478 genera. At the phylum level, the
gut microbiota of wild macaques, humans, and dogs are dominated
by Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria, and
Actinobacteria (average relative abundance >1%, Figure 5A). At the
family level, the predominant bacterial families isolated were
Prevotellaceae, Ruminococcaceae, Lachnospiraceae, Lactobacillaceae,
and Veillonellaceae (mean relative abundance >5%; Figure 5B). At the
genus level, the predominant bacterial genera isolated were Prevotella
9, Lactobacillus, Fusobacterium, Bacteroides, Clostridium sensu stricto
1, and Faecalibacterium (mean relative abundance >3%; Figure 5C).

To further characterize the microbiota in the gut of different
species, we performed LEfSe analysis (LDA > 2, p <0.05) of the relative
abundances at the genus level of the gut microbiota of different species
in the high- and low altitude environments and found that the
Prevotella 7, Roseburia, Agathobacter, Bacteroides, Faecalibacterium,
Lachnoclostridium, Metagenome, Ruminococcaceae UCG 003,
Parasutterella, Alistipes, Parabacteroides, and [Ruminococcus] torques
group were significantly more abundant in the human gut microbiota
than wild macaques and dogs, and were significantly high altitude
indicative (Figures 6A,B). The abundance of Ruminococcaceae UCG
002, Ruminococcaceae UCG 010, Rikenellaceae RC9 gut group,
UCG 013, 2,
Ruminococcaceae UCG 005, Succinivibrio, Christensenellaceae R 7
group, Prevotellaceae NK3B31 group, Ruminococcaceae NK4A214
group, Ruminococcaceae UCG 014, [Eubacterium] coprostanoligenes

Ruminococcaceae Treponema Anaerovibrio,

group, and CAG 873 in the gut microbiota of wild macaques was
significantly higher than that of humans and dogs and had a significant
species indicator effect (Figures 6A,B). The Megasphaera, Megamonas,
Turicibacter, Cetobacterium, Collinsella, Holdemanella, Sarcina, and
[Ruminococcus] gnavus group are significantly more abundant in the
gut microbiota of dogs than those of humans and wild macaques and
have a significant indicator effect (Figures 6A,B). In addition, LEFSe
analysis of the relative abundance of gut microbiota composition of
humans, wild macaques, and dogs in high altitude and low altitude
environments showed that the abundance of Actinobacillus,
Alloprevotella, Anaerobiospirillum, Prevotella 2, Staphylococcus,
Sutterella, and Veillonella in high altitude environments was
significantly higher than that in low altitude environments and had
significant high altitude environments indicators (Figures 6C-E),
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however, in the low altitude environments, no indicator microbiota
with significantly higher relative abundance was found in the
three species.

3.3. Gut microbiota community assembly
process measurement

The analysis of their gut microbiota community assembly structure
by NCM showed that the wild macaques, humans, and dogs gut
microbiota in both high- and low altitude environments showed
moderate fit to the neutral model (Figure 7). The goodness of fit of the
models across species was in the following order for high- and low
altitude populations: wild macaques (HM: R*=0.766, LM:
R*=0.64)>humans (HH: R’=0.673, LH: R*=0.63)>dogs (HD:
R?=0.576, LD: R?=0.466). Meanwhile, the fit of wild macaques, humans,
and dogs gut microbiota in high altitude environments was higher than
that in low altitude environments. This illustrates that the gut microbiota
of wild macaques mostly influenced by stochastic processes, whether in
high- or low altitude environments. The wild macaques, humans, and
dogs gut microbiota communities in high altitude environments are all
more influenced by stochastic processes than in low altitude
environments. In addition, the product of metacommunity size and
migration rate (Nm) value related to the gut microbiota community
diffusion coefficient shows that wild macaques (HH: 764, HM: 1,257,
HD: 1,139; LH: 136, LM: 466, LD: 171) are the diffusion coefficient
largest in high altitude environments, followed by dogs and humans.
Meanwhile, wild macaques, humans, and dogs in high altitude
environments are higher diffusion coefficients of gut microbiota than
those in low altitude environments. The migration rate ‘m’ of wild
macaques, humans, and dogs in high altitude environments was
significantly higher than that in low altitude environments (Figure 7).

4. Discussions

Host diet and phylogeny are two major factors that affect the
composition and structure of gut microbiota (Groussin et al., 2017;
Youngblut et al., 2019). In terms of phylogenetic relationship and
morphology, the phylogenetic relationship between humans and wild
macaques is closer, and the phylogenetic relationship between wolves
and dogs is closer (dos Reis et al., 2012; Wang et al., 2013). Due to the
early domestication of dogs by humans, the contact with humans is
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FIGURE 6
Heatmap showing the genus level LEFSe test (LDA > 2, p < 0.05) of gut microbiota among different species in the same altitude environments and
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Quantitative results of the random process of gut microbiota community assembly in different groupings based on NCM. The solid black line
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closer and the diet similarity is higher (Wang et al., 2013). In this study,
the beta diversity analysis of different species at the same altitude found
that the similarity between humans and dogs was greater than that
between humans and wild macaques in gut microbiota compositional
diversity, while low altitude dogs are more similar to wolves. Core
shared microbiota analysis also found that the relative abundance of
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core shard microbiota was highest between humans and dogs, followed
by between wolf and dogs, then finally between humans and wild
macaques. Beta diversity analysis found that in high altitude
environments, the weighted and unweighted UniFrac distance between
humans and dogs is significantly smaller than that between humans and
macaques (p<0.05), and in low altitude environments, the unweighted
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UniFrac distance between humans and dogs is also significantly smaller
than that between humans and macaques(p <0.05). This is consistent
with the results obtained by Coelho et al. (2018) through metagenomics
studies in humans, dogs, mice, and pigs (Coelho et al., 2018). These
results show that in the same altitude environments, similar diets
promote the convergence of gut microbiota of dogs and humans.
Meanwhile, our results also showed that the influence of genetic
relationships on the composition of gut microbiota among different
species seemed weak. This also corroborates findings in vertebrates that
gut microbiota compositional differences between species are positively
correlated with host evolutionary divergence times and that gut
microbiota composition is more similar within host species than
between species (Moeller et al., 2017; Song et al., 2020; Dillard et al.,
2022). In addition, in this study, alpha diversity analysis found that the
gut microbiota diversity of wild macaques with a more complex diet is
much higher than that of humans and dogs with simpler diets (p <0.05),
which indicates that the gut microbiota composition of wild macaques
has a higher diversity. During the sampling period, we observed that the
diets of humans and dogs were similar, consisting mainly of rice,
noodles, meat, fruits, and vegetables, however, wild macaques mainly
eat leaves and fruits with a higher content of cellulose and lignin, which
may provide additional resources to increase the diversity of the gut
microbiota. Wild macaques living in wild natural environments (e.g.,
soil, larger scale, seasonality, social interactions) are also exposed to a
more diverse microbial community compared to humans and dogs
(Raulo etal.,, 2018; Trosvik et al., 2018). Limited by neutral dispersal, the
more environmental microbial species the host is in contact with, the
more likely the microbial species remain in the host (Burns et al., 2016;
Clayton et al., 2018; Ross et al., 2018), therefore, the gut microbiota of
wild macaques is more alpha diverse than that of humans and dogs.
The mammalian gut microbiota is shaped by the dispersal of
organisms into habitats, followed by natural selection (i.e., habitat
filtration), drift, and in situ diversification (Vellend, 2010). A comparison
of mammalian phylogenies suggests that differences in selective pressures
between the intestinal environments of mammalian species contribute to
the diversification of the gut microbiota (Moeller et al., 2017). Geographic
proximity and predator—prey interactions enable gut microbiota to flow
between distantly related host species, resulting in the convergence of gut
microbiota belonging to carnivorous and herbivorous mammals of
different taxonomic purposes (Moeller et al., 2017). Studies have also
found that drift and selection in the environment will also affect the
assemblage of gut microbiota that inhabit animals (Trosvik et al., 2018),
however, the low temperature, low oxygen, and high ultraviolet intensity
in a high altitude environments pose a great challenge to the survival of
animals (Simonson et al., 2010; Yu et al.,, 2016; Zhu et al,, 2021). Previous
studies have shown that in the long-term hypoxic environment, the
Tibetan genotype changes toward environmental adaptability (Beall,
2011), while also driving changes in the composition structure of the gut
microbiota. The more compositionally diverse gut microbiota is also able
to promote the stability of the gut micro-ecosystem, increase the rate of
dietary fermentation of the host, and help the host adapt to the high
altitude environments (Li and Zhao, 2015; Zhang et al., 2016). Similar
results were obtained in our study. The alpha diversity showed that the
ACE index of humans, wild macaques, and dogs gut microbiota in high
altitude environments was significantly higher than that in low altitude
environments. However, there is no significant difference between the
Simpson index of human and macaque in the high altitude environments
and the low altitude environments, and there is no significant difference
between the Shannon index of human in the high altitude environments
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and the low altitude environments. These results show that there are more
species of gut microbiota in humans, wild macaques, and dogs at high
altitude, but some unique microbiota in humans and wild macaques only
exist in a few individuals. Beta diversity results showed that both weighted
and unweighted UniFrac distances of wild macaques, humans, and dogs
were significantly smaller in high altitude environments than in low
altitude populations (p<0.05), and the similarity of gut microbiota
composition was significantly higher than that in low altitude
environments. Core shared microbiota analysis also found that the species
ratio and relative abundance of the core microbiota of each subject were
significantly higher in high altitude environments than in low altitude
environments (p<0.05). These results strongly indicate that the
convergence and sharing of gut microbiota among wild macaques,
humans, and dogs are more significant in the high altitude environments,
which strongly drives the convergence and adaptation of gut microbiota
among wild macaques, humans, and dogs. In addition, beta diversity
analysis found that the clustering of gut microbiota among the three
species at high and low altitudes was more obvious in unweighted UniFrac
distance than in weighted UniFrac distance. At high altitude, the weighted
and unweighted UniFrac distance between humans and dogs was
significantly lower than that between humans and macaques (p <0.05).
Core shared microbiota analysis also found that the relative abundance of
human and dog core microbiota reached more than 89% in low altitude
environments and 97% in high altitude environments. These results
suggest that the contribution of altitude to the convergent adaptation of
the gut microbiota of wild macaques, humans, and dogs to high altitude
environments is mainly reflected in the compositional diversity of the
microbiota, which indirectly affects the core shared microbiota abundance
among different species. And at high altitude environments, similar diets
promote their further convergent in terms of diversity and abundance.

NCM analysis also found that the extent of gut microbiota dispersal
and influence by stochastic factors were higher in the high altitude wild
macaque, human, and dog populations. This may be due to the fact that
the lifestyle of human beings in the high altitude areas we sampled is
mainly based on grazing and under forest collection, and the grazing area
and under forest collection area are also the main habitats of wild
macaques. The dog samples are from the captive populations of local
residents, which have a high degree of niche overlap. As a result, the
contact among species is closer than that of low altitude populations, and
the selection pressure of low temperature, low oxygen, and high-intensity
ultraviolet rays in a high altitude environments jointly leads to the
diffusion, migration, and fusion of gut microbiota among different
species. At high altitude, the stress of extreme environments, and natural
resource dependent life patterns of humans (grazing and understory
harvesting), are closely related and are also important factors driving the
convergence of gut microbiota from wild macaques, humans, and dogs at
high altitude.

Taxonomic composition analysis found that Firmicutes and
Bacteroidetes were dominant among the three mammalians’ gut
microbiota, which was consistent with previous findings (Duncan et al.,
2008; Fogel, 2015). The LEFSe analysis showed that the abundance of
Alloprevotella, Prevotella 2,
Staphylococcus, Sutterella, and Veillonella in wild macaques, humans, and

Actinobacillus, Anaerobiospirillum,
dogs in the high altitude environments is significantly higher than that
in the low altitude environments and has a significant role in indicating
high altitude environments, however, in the low altitude environments,
no indicator microbiota with a significantly higher relative abundance
was found in the three species. Previous studies have found that
Actinobacillus is significantly positively correlated with systolic blood
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pressure in blood pressure regulation (Chen B. Y. et al, 2022).
Alloprevotella can utilize carbohydrates and undergo fermentation to
produce acetate and succinate, two major end metabolites (Xiao et al.,
2013), while also having a cardiovascular risk-reducing effect (Kong
et al,, 2019). However, altitude has a positive linear relationship with
systolic blood pressure (SBP) and an important effect on host blood
pressure (Aryal et al, 2016). These results indicates that the high
abundance of Actinobacillus and Alloprevotella can help the host regulate
blood pressure and adapt to the high altitude hypoxic environment.
Anaerobiospirillum is isolated from the feces of dogs and cats. It can use
glucose metabolism to produce succinic and acetic acids but may also
form trace lactic and formic acids (Davis et al., 1976). Prevotella is a
probiotic widely distributed in the gut of animals, which helps to
decompose protein and carbohydrates (Davis et al., 1976; Kovatcheva-
Datchary et al., 2015). Sutterella was confirmed to be associated with
obesity in mice (Liu et al., 2018). This indicates that these microbiotas
were significantly more abundant in the gut of wild macaques, humans,
and dogs at high altitudes, which will promote the host to digest and
decompose food and produce energy substances, and help the host to
adapt to the high energy demand in the high altitude environments.
Veillonella is a kind of microbiota that can enhance performance, using
lactic acid as a carbon source, it can quickly decompose lactic acid into
propionic acid, thereby reducing the concentration of lactic acid and
improving sports performance (Scheiman et al., 2019). The Veillonella in
high abundance is able to improve host tolerance, prompting its
adaptation to high altitude environments. Staphylococcus, were found in
the Berry, typically causes surgical and skin infections, respiratory
diseases, and food poisoning (Licitra, 2013), however, the reasoning as
to why the abundance of Staphylococcus in the intestines of wild
macaques, humans, and dogs at high altitudes is significantly higher than
that at low altitudes needs to be revealed. These results indicate that these
common characteristic bacteria play an important role in the adaptation
of wild macaques, humans, and dogs to high altitude environments such
as energy compensation and hypoxia adaptation.

In conclusion, our results show that diet and high altitude strongly
drive convergent adaptation of gut microbiota in wild macaques,
humans, and dogs to high altitude environments. Among them, the
contribution of high altitude environments to the convergent adaptation
of the gut microbiota of wild macaques, humans, and dogs are mainly
reflected in the compositional diversity of the microbiota, which
indirectly affects the core shared microbiota abundance among different
species. And at high altitude environments, similar diets promote their
further convergent in terms of diversity and abundance. Meanwhile, the
convergence of intestinal microbiota in animals at high altitudes may
be partly due to microbial diffusion between hosts. In addition, the
microbiota is significantly enriched in wild macaques, humans, and dogs
from high altitude environments and plays an important role in the hosts
energy compensation and cardiovascular regulation and helping the host
adapt to the high energy demand and low oxygen pressure of high
altitude environments.
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