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Hematological features are one of the best-known aspects of high-altitude adaptation 
in Tibetans. However, it is still unclear whether the intestinal microbiota is associated 
with the hematology profile. In this study, routine blood tests and 16S rRNA gene 
sequencing were used to investigate the differences in the intestinal microbiota and 
hematological parameters of native Tibetan herders and Han immigrants sampled at 
3,900 m. The blood test results suggested that the platelet counts (PLTs) were 
significantly higher in native Tibetans than the Han immigrants. The feces of the native 
Tibetans had significantly greater microbial diversity (more different species: Simpson’s 
and Shannon’s indices) than that of the Han immigrants. The native Tibetans also had 
a different fecal microbial community structure than the Han immigrants. A Bray–Curtis 
distance-based redundancy analysis and envfit function test showed that body mass 
index (BMI) and PLT were significant explanatory variables that correlated with the 
fecal microbial community structure in native Tibetans. Spearman’s correlation analysis 
showed that Megamonas correlated positively with BMI, whereas Bifidobacterium 
correlated negatively with BMI. Alistipes and Parabacteroides correlated positively 
with the PLT. Succinivibrio correlated positively with SpO2. Intestinibacter correlated 
negatively with the red blood cell count, hemoglobin, and hematocrit (HCT). Romboutsia 
correlated negatively with HCT, whereas Phascolarctobacterium correlated positively 
with HCT. A functional analysis showed that the functional capacity of the gut microbial 
community in the native Tibetans was significantly related to carbohydrate metabolism. 
These findings suggest that the hematological profile is associated with the fecal 
microbial community, which may influence the high-altitude adaptation/acclimatization 
of Tibetans.
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INTRODUCTION

The Tibetan Plateau is both the largest and highest plateau 
in the world, with a mean elevation of 4,500  m (Zhao et  al., 
2019), and is therefore considered as the “roof of the world.” 
It has special environmental conditions, such as low 
atmospheric pressure, low temperature, low relative humidity, 
and high solar radiation (Zhao et  al., 2018). On the Tibetan 
Plateau, the main indigenous population is the Tibetans, 
whereas the Han population constitutes the majority of the 
immigrant population. Han individuals and other 
unacclimatized or susceptible people who ascend to altitudes 
>2,500 m can experience physiological responses during rapid 
ascent that may be  life-threatening (Roach et  al., 2018). 
Increased red blood cell (RBC) counts, packed cell volumes, 
or high hemoglobin concentrations are frequently observed 
in physiological responses to high altitude. Patients with 
chronic mountain sickness are characterized by excessive 
erythrocytosis (Moore et  al., 2010). Hypoxia also alters the 
proteome of platelets, favoring a prothrombotic phenotype, 
increasing platelet reactivity, which increases the risk of 
thrombotic diseases in chronically hypoxic individuals (Rocke 
et  al., 2018). However, Tibetans have been living at high 
altitudes for thousands of years (Meyer et  al., 2017), have 
established perfectly adapted mechanisms for high-altitude 
living, and display a suite of adaptive physiological traits: 
increased resting ventilation, reduced arterial oxygen content, 
blunted hypoxic ventilation response and pulmonary 
vasoconstriction response, and a reduced incidence of low 
birth weight (Jianguo et  al., 2002; Beall, 2006, 2007; Tianyi 
and Kayser, 2006). Lowland individuals (Han) can acclimatize 
to altitude to mitigate the effects of high-altitude exposure, 
and during this acclimatization, most changes occur over a 
period of days up to a few weeks (Muza et  al., 2010; West 
et  al., 2012; Qian-Qian et  al., 2013). This process does not 
restore the individual’s performance to that at sea level, nor 
to one that is completely the same as that of the native 
population (Yang et  al., 2018). Although many genome-wide 
association studies have identified differences in several genes, 
such as endothelial PAS domain containing protein 1 (EPAS1) 
and egl-9 family hypoxia inducible factor (EGLN1), which 
are responsible for the genetic adaptation of native highlanders 
(Simonson et  al., 2010; Lorenzo et  al., 2014; Arciero et  al., 
2018; Storz, 2021), limited information is available on the 
association between the intestinal microbiome, or “second 
genome” (Grice and Segre, 2012), and the hematology of 
these natives. Trillions of microorganisms inhabit the human 
body, strongly colonizing the gastrointestinal tract and 
outnumbering our own cells (Sohail et  al., 2019). Most 
microbes reside in the gastrointestinal tract, have coevolved 
with their hosts, and have profound effects on human 
physiology and nutrition (Turnbaugh et  al., 2006; Tremaroli 
and Bäckhed, 2012).

Short or chronic exposure of humans or animals to hypoxia 
(the most typical characteristic of high altitude) can affect the 
composition of the intestinal microbiota (Brigitta et  al., 2005; 
Atanu et  al., 2013; Lucking et  al., 2018; Zhang et  al., 2019). 

It appears that some indigenous high-altitude humans and 
animals tend to carry several common genes and some common 
intestinal microbes that may be  related to their adaptation to 
altitude (Ge et  al., 2013; Kang et  al., 2016; Li et  al., 2016, 
2018; Zhang et  al., 2016a,b; Lan et  al., 2017; Arciero et  al., 
2018; Bai et  al., 2018). These findings suggest that the host 
genome and the intestinal microbiome have coevolved under 
the selection pressure exerted by high altitude.

Among the majority populations on the Tibetan Plateau, 
the native Tibetan and Han immigrants living at same high 
altitude display significant differences in compositions of their 
intestinal microbiota (Kang et  al., 2016). This is also true of 
members of the same ethnic group living at different altitudes 
(Lan et  al., 2017). Diet, body mass index (BMI), lifestyle, and 
age also influence the community composition and structure 
of the intestinal microbial in native Tibetans and Han immigrants 
(Li and Zhao, 2015; Lan et  al., 2017; Li et  al., 2018).

Recent studies have indicated that the intestinal microbiota 
not only regulates mucosal immunity but also contributes to 
hematopoiesis. The gut microbiota sustains hematopoiesis. 
Hematopoietic changes are associated with a significant 
contraction of the fecal microbiome and are partially rescued 
by the transfer of fecal microbiota. Platelet counts (PLTs) are 
consistently and significantly increased in antibiotic-treated 
mice compared with those in control mice (Josefsdottir et  al., 
2017; Staffas et  al., 2018; Han et  al., 2021). Metabolites from 
the intestinal microbiota, such as short-chain fatty acids (SCFAs), 
contribute to the production of hematopoietic precursors in 
specific-pathogen-free (SPF) mice (Trompette et al., 2014). Some 
of the best-known aspects of high-altitude acclimatization and 
adaptation involve the hematological system, such as the changes 
in RBC numbers per unit volume, the hemoglobin (Hb) 
concentration, and the PLT or activation (West et  al., 2012; 
Shang et  al., 2019). However, the association between the 
intestinal microbiota and the hematological parameters of natives 
and immigrants living at high altitudes is still unclear. This 
prompted us to investigate the composition and diversity of 
the intestinal microbiota in native Tibetans and Han immigrants, 
and the potential relationship between their intestinal microbial 
profiles and host hematological parameters during exposure 
to high altitude.

MATERIALS AND METHODS

Ethics Statement
All the experiments were approved by and performed in 
accordance with the guidelines and regulations of the Ethics 
Committee of Qinghai University, Xining, China. Written 
informed consent was obtained from all the participants and 
submitted to the Ethics Committee.

Subjects
The native Tibetan herders (n  =  26) were living at an 
altitude  of  3,900  m in Da Ri county (33°45'3.83  N, 99°39' E), 
Guoluo Tibetan Autonomous Prefecture, Qinghai–Tibet Plateau. 
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The  Chinese Han immigrants (n  =  5) had migrated to Da Ri 
earlier than a year ago. All the enrolled subjects were healthy, 
with no history of gastrointestinal disease, liver disease, 
hypertension, or diabetes, as demonstrated by their medical 
histories and physical examinations.

Blood Sample Collection and Analysis
Venous blood samples (2 ml) were collected with venipuncture 
into an EDTA-K2 anticoagulant Vacutainer tubes and then 
analyzed with BM-2300 fully automated blood cell analyzer 
(Mindray, Shenzhen, China) within 30  min of the blood  
drawing.

Fecal Sample Collection
Approximately 5  g of fresh feces was collected from each 
participant and placed in two sterile 5-ml tubes, which were 
immediately transferred to liquid nitrogen and then stored 
at −80°C.

Fecal Microbiome Analysis
DNA Extraction
The total genomic DNA from each fecal sample was extracted 
with the PowerFecal™ DNA Isolation Kit (Mo Bio Laboratories, 
Carlsbad, CA, United  States), according to the manufacturer’s 
instructions. The DNA purity was assessed on 1% agarose 
gels. The DNA purity and concentration were also calculated 
with an optical density (OD) analysis at wavelengths of 260 
and 280 nm, as the OD260/OD280 ratio, with a NanoPhotometer® 
spectrophotometer (Implen, Munich, Germany). The DNA 
concentrations were measured with the Qubit® dsDNA Assay 
Kit in a Qubit® 2.0 Fluorometer (Life Technologies, Camarillo, 
CA, United  States).

16S rRNA Gene Sequencing and Data Analysis
16S rRNA gene sequencing was performed by Novogene 
Bioinformatics Technology Co., Ltd., China. Briefly,  the 
DNA  samples were diluted to 1  ng/μl in sterile water and 
then PCR amplified with the 515F/806R primer set (515F: 
5'-GTGCCAGCMGCCGCGGTAA-3', 806R: 5'-XXXXXXGG 
ACTACHVGGGTATCTAAT-3'), which targets the V4 region 
of the bacterial 16S rRNA. The reverse primer contained a 
6-bp error-correcting barcode unique to each sample. All PCRs 
were performed with Phusion® High-Fidelity PCR Master 
Mix  (New England Biolabs [Beijing] Ltd., Beijing, China). 
The  PCR products were mixed with the same volume of 
1  ×  loading buffer (containing SYB Green dye) and separated 
electrophoretically on 2% agarose gels for confirmation. Samples 
with bright major bands of 400–450  bp were isolated for 
further  analysis. All the PCR products were purified with the 
GeneJET Gel Extraction Kit (Thermo Scientific, Waltham MA, 
United  States). Sequencing libraries were generated with the 
TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San 
Diego, CA, United  States), according to the protocol described 
by the manufacturer, and index codes were added. After the 
quality of the libraries was assessed, they were sequenced on 

the Illumina HiSeq  2500 platform (Illumina), and 250-bp 
paired-end reads were generated.

Data Analysis
Student’s t-test was used to test the significance of differences 
in age, gender, height, weight, BMI, oxyhemoglobin saturation 
measured with a pulse oximeter (SpO2), RBCs, Hb, hematocrit 
(HCT), and PLT between the native Tibetans and Han immigrants.

After 16S rRNA gene sequencing, the paired-end reads were 
merged with FLASH (Magoč and Salzberg, 2011). The raw tags 
were quality filtered under specific filtering conditions to obtain 
high-quality clean tags (Bokulich et  al., 2013), according to the 
QIIME quality-controlled process (Caporaso et  al., 2010). The 
tags were then compared with the reference database (Genomes 
OnLine Database, GOLD)1 using the UCHIME algorithm (Edgar 
et  al., 2011), to detect chimeric sequences, which were then 
removed (Haas et  al., 2011). Uparse (Edgar, 2013) was used to 
identify the operational taxonomic units (OTUs) by constructing 
an OTU table. Sequences with ≥97% similarity were assigned 
to the same OTU. Representative sequences for each OTU were 
screened for further annotation. The Green Gene Database 
(Desantis et al., 2006) was used with the RDP Classifier algorithm 
(Wang et  al., 2007) to annotate each representative sequence 
with taxonomic information. Multiple sequence alignments were 
constructed with MUSCLE (Edgar, 2004). The numbers of 
common and unique OTUs were presented in Venn diagrams 
using BioVenn.2 Student’s t-test was used to test the significance 
of differences in the relative abundances of Firmicutes and 
Bacteroidetes. The Mann–Whitney U test was used to test the 
significance of differences in unclassified Prevotellaceae, Bacteroides, 
Faecalibacterium, and the Firmicutes/Bacteroidetes (F/B) ratio 
between the groups. The Mann–Whitney U test was used to 
test the significance of differences in Ace, Chao 1, Simpson’s 
index, and Shannon’s index between groups. The differences in 
the overall community compositions and structures of both 
groups were visualized with the nonmetric multidimensional 
scaling (NMDS) ordination plots of Jaccard and with Bray–Curtis 
distance matrices. A MetaStats analysis was used to identify 
bacterial taxa differentially represented in the groups at the 
genus or higher taxonomic levels, and values of p were corrected 
with the Benjamini–Hochberg false discovery rate method to 
determine the values of q (White et  al., 2009). The linear 
discriminant analysis (LDA) effect size (LEfSe), which takes 
into account both statistical significance and biological relevance, 
was used to search for taxa whose relative abundances differed 
significantly between the groups, with a default LDA of four 
(Segata et  al., 2011). A Bray–Curtis distance-based redundancy 
analysis (dbRDA; Clarke and Ainsworth, 1993) and the variance 
inflation factor (Sheik et  al., 2012) function in the “vegan” 
package of R were used to evaluate the linkages between the 
fecal microbiota and environmental attributes. The influences 
of environmental factors on the distributions of genera were 
calculated with the “envfit” function, which uses multivariate 

1 http://drive5.com/uchime/uchime_download.html
2 http://www.biovenn.nl/index.php
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ANOVA for categorical variables and linear correlations for 
continuous variables. Correlations between age, BMI, SpO2, RBC, 
Hb, HCT, PLT, and the bacterial communities were assessed 
with Spearman’s correlation analysis (Segata et  al., 2011) using 
the “pheatmap” package in R.

The functional profiles of the microbial communities were 
predicted with Tax4Fun (AβHauer et al., 2015) with the nearest-
neighbor method, based on the minimum 16S rRNA sequence 
similarity. The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database prokaryotic whole-genome 16S rRNA gene 
sequence was extracted and aligned with the SILVA SSU Ref 
NR database using the BLASTN algorithm to establish a 
correlation matrix. The prokaryotic whole-genome functional 
information from the KEGG database, annotated by UProC 
and PAUDA, was mapped to do the SILVA database function 
annotation. The sequenced samples were clustered out of the 
OTU using the SILVA database sequence as the reference 
sequence to obtain functional annotation information.

RESULTS

Sample Characteristics
In this study, we  compared the age, sex, height, weight, BMI, 
and hematological parameters of native Tibetans and the Han 
immigrants. The native Tibetans had significantly higher PLT 
than the Han immigrants (p  <  0.05; Table  1), whereas age, 
sex, height, weight, BMI, SpO2, RBC, Hb, and HCT did not 
differ significantly between the two groups (p > 0.05; Table 1). 
The main food of the native Tibetans was roasted barley flour, 
buttered tea, cheese, and meat, whereas the daily staples of 
the Han immigrants were noodles, rice, and vegetables.

HiSeq Sequencing
The fecal microbiotal compositions were determined by 
sequencing the 16S rRNA gene in 31 samples from the two 
groups with the HiSeq platform. A total of 2,674,262 raw 
reads were obtained. After the low-quality sequences, chimeric 
sequences, and those that were not classified as bacteria were 

removed, 2,392,645 sequences remained, with an average number 
of 77,182 sequences per sample (range 46,224–2,392,645) and 
an average read length of 253 bp. A clustering analysis assigned 
the microbial sequences from the samples that shared 97% 
similarity to the same OTUs. In total, 2,205 OTUs were identified. 
Rarefaction curves showed that a plateau level was reached 
in all samples (Supplementary Figure S1), indicating that our 
sequencing depth was sufficient, and that those additional 
sequences may identify some rare bacterial species.

Taxonomic Analysis
Of the total OTUs, 970 (43.9%) were common to the native 
Tibetans and Han immigrants, whereas 961 OTUs (43.5%) 
were unique to the native Tibetans, and 274 OTUs (12.4%) 
were unique to the Han immigrants. The fecal microbiota 
compositions of each group at phylum and genus levels are 
shown in Figure 1. The fecal microbiotas of the native Tibetans 
and Han immigrants were dominated by the following phyla: 
Firmicutes (49.5 and 60.2%, respectively), Bacteroidetes 
(32.8 and 29.3%, respectively), Proteobacteria (11.3 and 4.3%, 
respectively), and Actinobacteria (5.7 and 4.9%, respectively). 
Other rare phyla (mean relative abundance <1%) included 
Verrucomicrobia, Tenericutes, Melainabacteria, Euryarchaeota, 
and Planctomycetes. We  found no significant differences in 
the relative abundances of Firmicutes and Bacteroidetes, or 
in the F/B ratios (Ruth et  al., 2005) of the native Tibetans 
and Han immigrants (p  >  0.05; Supplementary Table S1). 
At the genus level, 449 genera were detected. The four core 
taxa of the fecal bacteria in the native Tibetans were unclassified 
Prevotellaceae (13.69%), Bacteroides (8.30%), Faecalibacterium 
(6.62%), and Blautia (5.31%). The four core taxa of fecal 
bacteria  in the Han immigrants were Bacteroides (21.79%), 
Faecalibacterium (9.96%), unclassified Prevotellaceae (8.85%), 
and Veillonella (6.91%). The relative abundance of unclassified 
Prevotellaceae was higher in the native Tibetans than in the 
Han immigrants, whereas the abundance of Bacteroides was 
higher in the Han immigrants than in the native Tibetans, 
but the differences were not statistically significant (p  >  0.05; 
Supplementary Table S2).

α-Diversity Analysis
Four α-diversity measures were calculated: Simpson’s index, 
Shannon’s index, the abundance-based coverage estimator (Ace) 
index, and Chao 1. We  found no significant differences in 
community richness (Ace and Chao 1) between the native 
Tibetans and the Han immigrants (p  >  0.05; Table  1), but 
the native Tibetan feces had significantly greater microbial 
diversity (more different species, Simpson’s and Shannon’s 
indices) than that of the Han immigrants (p  <  0.05; Table  2).

β-Diversity Analysis
The relationship between the community structures of the 
microbiota of the native Tibetans and Han immigrants was 
examined with NMDS ordination plots, which revealed clear 
differences in the community compositions and structures of 
the two groups (Figure  2).

TABLE 1 | Characteristic of the native Tibetans and Han immigrants in Da Ri.

Native Tibetan Immigrant Han Value of p

N 26 5
Age (years) 42.73 ± 18.09 48.2 ± 1.30 0.511
Sex (male/female) 19/7 4/1 1.000
Height (cm) 162.96 ± 8.67 165.40 ± 7.23 0.561
Weight (kg) 62.57 ± 11.85 58.80 ± 9.60 0.509
BMI 19.12 ± 2.95 17.78 ± 2.89 0.359
SpO2 (%) 83.54 ± 6.56 86.00 ± 1.87 0.418
RBC (10*12/L) 5.65 ± 0.86 5.17 ± 0.81 0.263
Hb (g/L) 162.46 ± 26.61 156.40 ± 22.76 0.638
HCT (%) 58.60 ± 12.45 56.86 ± 8.29 0.768
PLT (10*9/L) 257.34 ± 61.02 189.40 ± 57.22 0.029

Values are means ± SD. Data were analyzed with the Student’s t-test to compare the 
variables between the groups. BMI, body mass index; SpO2, oxyhemoglobin saturation 
measured with a pulse oximeter; RBC, red blood cells; Hb, hemoglobin; HCT, 
hematocrit; and PLT, platelet count.
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Differences in Fecal Microbiota of Native 
Tibetans and Han Immigrants
Of the total OTUs, 961 OTUs (43.5%) were unique to the native 
Tibetans, and 274 OTUs (12.4%) were unique to the Han immigrants.

A MetaStats analysis of the most-abundant taxa was used to 
identify the bacterial taxa that differed significantly between the 
two groups. Figure 3A shows that six bacterial taxa were significantly 
more abundant (p  <  0.05) in the fecal microbial of the native 
Tibetans (Holdemanella, Subdoligranulum, Alistipes, Dorea, Collinsella, 
and Roseburia) than in that of the Han immigrants. An LEfSe 
analysis was also conducted to detect the bacterial taxa that differed 
significantly between the groups. Roseburia was significantly more 
abundant in the fecal microbiota of the native Tibetans than in 
that of the Han immigrants (Figure  3B).

Correlations Between Fecal Microbiota and 
Age, BMI, SpO2, RBC, Hb, HCT, and PLT
A Spearman’s correlation matrix was generated to examine 
the correlations between age, BMI, SpO2, RBC, Hb, HCT, 
PLT, and the bacterial genera. As shown in Figure  4, 
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FIGURE 1 | Community composition of fecal microbiota in native Tibetans and Han immigrants. In the stacked bar chart, each bar represents the average relative 
abundance of each bacterial taxon. The taxa with high relative abundances at the phylum (top 10, A) and genus levels (top 30, B) are shown.

TABLE 2 | Fecal microbial diversity and richness in the native Tibetans and Han 
immigrants.

Group Shannon’s 
index

Simpson’s 
index

Ace Chao 1

Native Tibetan 5.53 ± 0.43 0.94 ± 0.01 644.52 ± 151.59 641.37 ± 150.44
Immigrant 
Han

4.60 ± 0.62 0.88 ± 0.40 645.59 ± 194.35 639.40 ± 190.97

Value of p 0.001 0.001 0.856 0.658

Values are means ± SD. Differences between the groups were analyzed with the Mann–
Whitney U test.
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significant associations were identified between the fecal 
microbiota and age, BMI, SpO2, RBC, Hb, HCT, and PLT. 
A correlation analysis revealed that genus unclassified 
Prevotellaceae correlated positively with BMI (r  =  0.42, 
p  <  0.05); Megamonas correlated positively with BMI 
(r  =  0.42, p  <  0.05); Bifidobacterium correlated negatively 
with BMI (r = −0.41, p < 0.05); Alistipes correlated positively 
with PLT (r  =  0.52, p  <  0.01); Parabacteroides correlated 
positively with PLT (r = 0.36, p < 0.05); Bacteroides correlated 
positively with age (r  =  0.36, p  <  0.05); Lactobacillus 
correlated positively with age (r = 0.42, p < 0.05); unclassified 
Ruminococcaceae correlated negatively with age (r  = −0.41, 
p  <  0.05) and positively with SpO2 (r  =  0.44, p  <  0.05); 
Succinivibrio correlated positively with SpO2 (r  =  0.43, 
p  <  0.05); unidentified Clostridiales correlated negatively 
with RBC (r  =  −0.42, p  <  0.05); Intestinibacter correlated 
negatively with RBC (r  =  −0.56, p  <  0.01), Hb (r  =  −0.48, 
p  <  0.01), and HCT (r  =  −0.31, p  <  0.05); Romboutsia 
correlated negatively with HCT (r  =  −0.36, p  <  0.05); 
Phascolarctobacterium correlated positively with HCT 
(r  =  0.40, p  <  0.05); and Roseburia correlated positively 
with BMI (r  =  0.33, p  =  0.06), RBC (r  =  0.33, p  =  0.06), 
Hb (r  =  0.31, p  =  0.08), HCT (r  =  0.31, p  =  0.08), and 
PLT (r  =  0.34, p  =  0.05).

To determine whether BMI or other variables had an 
additional effect on the fecal microbial community structure, 
we  performed a Bray–Curtis dbRDA. Age, BMI, SpO2, RBC, 
Hb, HCT, and PLT were associated with the microbial community 
structure (Figure 5). Furthermore, an envfit function test showed 
that BMI and PLT were significant explanatory variables 
(Table  3).

Functional Profiles of Fecal Microbiota in 
Native Tibetans and Han Immigrants
To further investigate the functional capacities of the fecal 
microbial communities in the native Tibetans and Han 
immigrants, Tax4Fun was used to examine the functional 
profiles of the fecal microbiota in the two groups. Figure  6 
shows the 35 most-abundant pathways at the third level of 
KEGG pathways. Of these 35 pathways, 27 were more 
abundant in the fecal microbial community of the native 
Tibetans than in that of the Han immigrants. The functional 
capacities of the intestinal microbial communities in the 
native Tibetans were enriched in metabolism (pyruvate 
metabolism; butanoate metabolism; alanine, aspartate, and 
glutamate metabolism; glycolysis and gluconeogenesis; starch 
and sucrose metabolism; amino sugar and nucleotide sugar 
metabolism; glycine, serine, and threonine metabolism; purine 
and pyrimidine metabolism; and carbon fixation pathways 
in prokaryotes) and genetic information processing (ribosome 
biogenesis; DNA repair and recombination proteins; 
homologous recombination; mismatch repair; chaperones 
and folding catalysts; chromosome and associated proteins; 
and DNA replication proteins). Eight pathways (transporters; 
cysteine and methionine metabolism; ABC transporters; 
transfer RNA biogenesis; quorum sensing; amino acid related 
enzymes; secretion system; and aminoacyl tRNA biosynthesis) 
were enriched in the fecal microbial community of the 
Han immigrants.

DISCUSSION

In this study, we  focused on the composition, structure, and 
diversity of the gut microbiota in two ethnic groups (Tibetan 
and Chinese Han), living at high altitude (Qinghai), and their 
correlations with some explanatory factors, especially 
hematological parameters.

Previous studies have shown that altitude and ethnicity 
affect the intestinal bacterial profiles of Tibetans (Kang et al., 
2016; Lan et  al., 2017). Diet, BMI, lifestyle, and age also 
influence the composition and structure of the Tibetans’ 
intestinal microbial communities (Li and Zhao, 2015; Lan 
et  al., 2017; Li et  al., 2018). However, few studies have 
examined the association between intestinal microbial profiles 
and hematological parameters. Our results show that age, 
BMI, SpO2, RBC, Hb, HCT, and PLT correlated with the 
intestinal microbial community structure, and that BMI 
and  PLT were significant explanatory variables. The genus 
Megamonas correlated positively with BMI, whereas 
Bifidobacterium was negatively associated with BMI. The 
microbiota of obese subjects contain increased numbers of 
Megamonas (Chiu et  al., 2014) and reduced numbers of 
Bifidobacterium (Million et  al., 2012). In this study, Alistipes 
and Parabacteroides correlated positively with PLT. 
Parabacteroides species modulate the host metabolism by the 
produce of succinate and secondary bile acids (Wang et  al., 
2019). Bile acid receptors and platelet-activating factor receptors 
are numbers of the G-protein-coupled receptors family, which 

FIGURE 2 | Nonmetric multidimensional scaling (NMDS) showed distinct 
fecal bacterial communities in the native Tibetans and Han immigrants. Each 
symbol represents the fecal microbiota of one sample. NMDS plots were 
derived from the Bray–Curtis distances between the groups.
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are activated by lipid-derived endogenous ligands (Cooper 
et  al., 2017). Cholesterol, cholic acid, ursodeoxycholic acid, 
deoxycholic acid, and tauroursodeoxycholic acid affect platelet 

activation through adenosine diphosphate (ADP; Baele et al., 
1980; McGregor et  al., 1980; Tan et  al., 2012). The platelets 
of highlanders are hyperactive, and the platelet transcriptome 

FIGURE 4 | Spearman’s association analysis of bacterial genera and age, BMI, SpO2, RBC, Hb, HCT, and PLT. r indicates Spearman’s correlation coefficient. Cells 
are colored based on the value of r between significantly altered genera and age, body mass index (BMI), oxyhemoglobin saturation measured with a pulse oximeter 
(SpO2), red blood cells (RBC), hemoglobin (Hb), hematokrit (HCT), and platelet count (PLT). Red represents a significantly positive correlation, blue represents a 
significant negative correlation, and white represents no significant correlation. *p < 0.05; **p < 0.01.

A

B

FIGURE 3 | Bacterial taxa that differed significantly between native Tibetans and Han immigrants were identified with: (A) a MetaStats analysis, in which the 
abundances of the 35 most significantly different taxa in the two groups are shown in a heatmap, p < 0.05, q < 0.05; (B) a linear discriminant analysis (LDA) effect 
size (LEfSe), using the default parameters. A histogram of the LDA scores computed for the bacterial taxa that differed in abundances in the two groups is shown.
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and proteome are markedly altered under chronic exposure 
to high altitudes, together with increased circulating ADP 
(Shang et al., 2019). Succinivibrio, which correlated positively 
with SpO2, ferments carbohydrates and generates succinate, 
acetate, formate, and lactate (Bryant, 2015). Intestinibacter 
was negatively associated with RBC, Hb, and HCT and is 
reportedly associated with resistance to oxidative stress 
(Forslund et  al., 2015). Romboutsia was negatively associated 
with HCT, whereas Phascolarctobacterium correlated positively 
with HCT. Romboutsia currently includes three species, and 
R. timonensis has only been isolated from the right colon 
of a human with a severe anemia. Phascolarctobacterium is 
a producer of SCFAs, including acetate and propionate. The 
gut microbiota sustains hematopoiesis (Chen et  al., 2020). 

The harvesting of nutrients from the diet is a well-recognized 
feature of the symbiotic relationship between the microbiota 
and its host throughout evolution (Baeckhed et  al., 2005). 
A previous study reported that energy harvested from the 
diet is a critical mechanism by which the gut microbiota 
contributes to hematopoiesis after bone-marrow transplantation 
(Staffas et al., 2018) and hematopoietic stem cell transplantation 
(Staffas and Brink, 2019).

Altitude may exert an important effect on the human 
energy balance, and the energy demands of highlanders are 
high (Kayser and Verges, 2013). High F/B ratios and a high 
proportion of Firmicutes have been shown to be  associated 
with the highly efficient extraction of energy from food 
(Turnbaugh et  al., 2008). Our results show that there were 
no differences in the high relative abundances of Firmicutes 
and Bacteroidetes or in the F/B ratios of the Tibetans and 
Chinese Han living in the same high-altitude area. Similar 
results were reported by Li and Zhao (2015), who found 
that the F/B ratio was higher, Firmicutes was significantly 
more abundant, and Bacteroidetes was significantly less 
abundant in the intestinal microbiota of Tibetans and Han 
immigrants living at high altitudes than in Han subjects 
living at low altitudes. Interestingly, obese people show 
similar changes in Firmicutes and Bacteroidetes to those 

FIGURE 5 | Bray–Curtis distance-based redundancy analysis (dbRDA) of the fecal microbiota and explanatory variables in native Tibetans and Han immigrants.

TABLE 3 | dbRDA envfit analysis of the correlation between fecal microbiota and 
explanatory variables in native Tibetans and Han immigrants.

RDA1 RDA2 r2 p

BMI 0.973172 0.230079 0.308357 0.0059
PLT −0.04598 0.998943 0.434019 0.0005

RDA1 and RDA2 are the cosines of the angles between the arrows of the explanatory 
variables and the sorting axes. r  2, the goodness of fit statistic, is the squared correlation 
coefficient.
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of highlanders with a “normal” BMI according to accepted 
standards (Tan, 2004; Ley et  al., 2006).

In this study, we  observed that the genera Subdoligranulum, 
Roseburia, Alistipes, Holdemanella, Collinsella, and Dorea were 
significantly more abundant in the fecal bacteria of the native 
Tibetans than in those of the Han immigrants. Subdoligranulum 
and Roseburia produce butyrate from complex carbohydrates 
and plant polysaccharides (Duncan et  al., 2002; Holmstrøm 
et  al., 2004), and butyrate is a major SCFA product from an 
intestinal source, providing at least 60–70% of the energy 
requirements of colonocytes (Hamer et  al., 2008). SCFAs act 
not only as energy sources for the colonic epithelium but also 
as systemic nutrients. SCFA levels can directly affect the substrate 
and energy metabolism in the peripheral tissues, such as adipose 
tissues, skeletal muscle, and liver (Canfora et  al., 2015). SCFA 
producers are also responsible for regulating the protection of 

cells from oxidative stress (Ticinesi et al., 2018). Notably, SCFAs 
have been shown to contribute to the production of hematopoietic 
precursors in SPF mice (Trompette et  al., 2014). A high-fat 
diet was associated with an increased abundance of Alistipes 
relative to that associated with a lower-fat diet in healthy young 
adults in a 6-month randomized, controlled feeding trial (Wan 
et  al., 2019). Alistipes is also more abundant in patients with 
type 2 diabetes (Qin et al., 2012). Tibetans frequently consume 
high-fat foods, such as buttered tea, cheese, and meat. However, 
in our study, the Tibetans had normal BMIs and no diabetes. 
Holdemanella biformis is associated with cholesterol, low-density 
lipoprotein–cholesterol (LDL-C), and free fatty acids (Brahe 
et al., 2015). The elevated lipid concentration in Tibetans might 
be  attributable to increased lipid synthesis (Ge et  al., 2012). 
Collinsella can alter the intestinal absorption of cholesterol, 
reducing glycogenesis in the liver and increasing triglyceride 

FIGURE 6 | Functional profiles of the fecal microbial communities in native Tibetans and Han immigrants. The 35 most-abundant pathways at the third level of 
KEGG pathways are shown in a heatmap.
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synthesis, and the abundance of Collinsella correlates positively 
with circulating insulin (Gomez-Arango et al., 2018). Therefore, 
it is possible that having more Subdoligranulum, Roseburia, 
Alistipes, Holdemanella, and Collinsella in the intestine is beneficial 
for energy capture. The functional capacity of the intestinal 
microbial communities in the native Tibetans showed that 
metabolism, especially carbohydrate metabolism (pyruvate 
metabolism; butanoate metabolism; alanine, aspartate, and 
glutamate metabolism; glycolysis and gluconeogenesis; starch 
and sucrose metabolism; and amino sugar and nucleotide sugar 
metabolism), is one of the most frequent functional classes 
annotated at the third level of the KEGG pathways. The 
metabolisms of pyruvate, butanoate, starch, and sucrose are 
important in the fermenting of nonabsorbed carbohydrates to 
SCFAs. Carbohydrate metabolism, rather than lipid metabolism, 
is increased in the Tibetans (Ge et  al., 2012). Like Tibetans, 
Sherpas are also from the Himalayan region and use the 
oxidation of carbohydrates over the oxidation of intramyocellular 
lipids and lipid substrates for their energy needs (Holden et al., 
1995; Murray, 2009; Gilbertkawai et  al., 2014). Interestingly, 
Sherpa and Aymara, who are also from high altitudes, have 
different gut microbiota compositions and potential functions. 
For example, Treponema, Butyrivibrio, and RFN20 characterize 
the gut microbiota of Sherpa and Aymara, and metabolic 
functions, such as the synthesis and degradation of ketone 
bodies, vitamin B6 metabolism, the degradation of caprolactam, 
and the biosynthesis of the terpenoid backbone and unsaturated 
fatty acids, are elevated in those two populations (Quagliariello 
et al., 2019). Genetic, geographic, dietary structural, and cultural 
differences in the hosts may contribute to the diverse gut 
microbiota of the different high-altitude populations, supplying 
suitable strategies for each population to cope with its 
extreme environment.

We also found that the feces of native Tibetans contain 
significantly greater bacterial diversity than those of the Han 
immigrants, whereas there was no significant difference in the 
microbial community richness in the two groups. Increased 
diversity and redundancy within a microbial community enhance 
the stability of the ecosystem, including its resistance to acute 
toxic effects and its general resilience (Konopka, 2009). As 
the altitude increases, Tibetans display greater intestinal microbial 
diversity and richness than Tibetans living at lower altitudes 
(Lan et  al., 2017). However, Han individuals living at high 
altitudes show a reduction in their total intestinal bacteria 
compared with those of Han individuals living at lower altitudes 
(Lan et al., 2017). These findings suggest that the more primitive 
lifestyle of the Tibetans may be  associated with the high 
microbial diversity and richness observed at higher altitudes 
than is observed at lower altitudes. Urbanization is also related 
to a loss of intestinal microbial diversity in humans (Winglee 
et  al., 2017), and the urbanization of Tibetan herdsmen has 
affected the β-diversity of their microbiota community (Li 
et  al., 2018). The functional redundancy of the microbial 
community could decrease in Han people who migrate to 
higher altitudes, thus weakening the stability of the ecosystem.

The study subjects were carefully selected, so that the 
indigenous Tibetans had been living in Da Ri for generations, 

and the Han individuals had been living in the same region 
for more than 1  year. And the Han individuals who enrolled 
were without travel between Da Ri and low altitudes during 
their residence. It is the major reason that this study had 
a limited number of samples in the Han immigrants group. 
Although this preliminary study was performed on a limited 
sample size, it extends the series of recent studies of the 
association between the gut microbiota and high-altitude 
adaptation/acclimatization, and provides valuable information 
on the fecal microbial communities and hematological profiles 
in highlanders. Importantly, future studies must be  based 
on larger sample sizes and confirm the interaction 
between the gut microbiota and hematopoiesis in high-
altitude populations.

CONCLUSION

Our findings on the compositions and diversity of the fecal 
microbiota in native Tibetans and Han immigrants living at 
high altitude indicate that the taxa associated with energy 
metabolism (such as SCFAs production) were more enriched 
in the fecal microbiota of the natives Tibetan than that of 
the Han immigrants. Correspondingly, functional annotations 
related to carbohydrate metabolism (such as SCFAs-related 
pathways) were also enriched in the fecal microbiota of the 
native Tibetans relative to those in the Han immigrants. These 
bacteria probably allow Tibetans to obtain more energy from 
food to meet their energy demands at high altitude. BMI, age, 
SpO2, RBC, Hb, HCT, and PLT correlated with the intestinal 
microbial community structure in the highlanders. Some taxa 
(such as Alistipes or Parabacteroides) showed positive or negative 
associations with BMI and the hematological parameters. Our 
study provides valuable insights into the possible relationships 
between the fecal microbial communities and hematological 
profiles in Tibetans. The mechanisms underlying the effects 
of the intestinal microbiota on the hematological parameters 
in highlanders require further large-scale studies. The range 
of microbial products that signal to the host to influence normal 
hematopoiesis and the microbial species from which they derive 
is yet to be  clarified.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and 
accession number(s) can be  found at FigShare, https://figshare.
com/s/f477aa8a35c4ecb9f06a; doi: 10.6084/m9.figshare.14503209.

ETHICS STATEMENT

The studies involving human participants were reviewed and 
approved by the Ethics Committee of Qinghai University, Xining, 
China. The patients/participants provided their written informed 
consent to participate in this study.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://figshare.com/s/f477aa8a35c4ecb9f06a
https://figshare.com/s/f477aa8a35c4ecb9f06a
https://doi.org/10.6084/m9.figshare.14503209


Ma et al. Intestinal Microbiota in Tibetans and Han

Frontiers in Microbiology | www.frontiersin.org 11 June 2021 | Volume 12 | Article 615416

AUTHOR CONTRIBUTIONS

YM and SM designed the experiments. YM, QG, and SM 
performed the experiments. YM analyzed the data and wrote 
the manuscript. R-LG provided financial support. All authors 
contributed to the article and approved the submitted version.

FUNDING

This research was supported by the National Natural Science 
Foundation of China (Nos. 31571231 and 81660707).

ACKNOWLEDGMENTS

We thank Janine Miller, PhD, from Liwen Bianji, Edanz Editing 
China, for editing the English text of a draft of this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be  found  
online at https://www.frontiersin.org/articles/10.3389/fmicb.2021. 
615416/full#supplementary-material

 

REFERENCES

Arciero, E., Kraaijenbrink, T., Haber, M., Mezzavilla, M., Ayub, Q., Wang, W., 
et al. (2018). Demographic history and genetic adaptation in the Himalayan 
region inferred from genome-wide SNP genotypes of 49 populations. Mol. 
Biol. Evol. 35, 1916–1933. doi: 10.1093/molbev/msy094

Atanu, A., Chiranjit, M., Kuntal, G., Bikas Ranjan, P., and Keshab Chandra, M. 
(2013). Dynamics of predominant microbiota in the human gastrointestinal 
tract and change in luminal enzymes and immunoglobulin profile during 
high-altitude adaptation. Folia Microbiol. 58, 523–528. doi: 10.1007/
s12223-013-0241-y

AβHauer, K. P., Bernd, W., Rolf, D., and Peter, M. (2015). Tax4Fun: predicting 
functional profiles from metagenomic 16S rRNA data. Bioinformatics 31, 
2882–2884. doi: 10.1093/bioinformatics/btv287

Baeckhed, F., Ley, R. E., Sonnenburg, J. L., Peterson, D. A., and Gordon, J. I. 
(2005). Host-bacterial mutualism in the human intestine. Science 307, 
1915–1920. doi: 10.1126/science.1104816

Baele, G., Beke, R., and Barbier, F. (1980). In vitro inhibition of platelet 
aggregation by bile salts. Thromb. Haemost. 43, 62–64.

Bai, X., Lu, S., Yang, J., Jin, D., Pu, J., Díaz, M. S., et al. (2018). Precise fecal 
microbiome of the herbivorous Tibetan antelope inhabiting high-altitude 
alpine plateau. Front. Microbiol. 9:2321. doi: 10.3389/fmicb.2018.02321

Beall, C. M. (2006). Andean, Tibetan, and Ethiopian patterns of adaptation to 
high-altitude hypoxia. Integr. Comp. Biol. 46, 18–24. doi: 10.1093/icb/icj004

Beall, C. M. (2007). Two routes to functional adaptation: Tibetan and Andean 
high-altitude natives. Proc. Natl. Acad. Sci. U. S. A. 104, 8655–8660. doi: 
10.1073/pnas.0701985104

Bokulich, N. A., Subramanian, S., Faith, J. J., Gevers, D., Gordon, J. I., Knight, R., 
et al. (2013). Quality-filtering vastly improves diversity estimates from Illumina 
amplicon sequencing. Nat. Methods 10, 57–59. doi: 10.1038/nmeth.2276

Brahe, L. K., Chatelier, E. L., Prifti, E., Pons, N., Kennedy, S., Hansen, T., et al. 
(2015). Specific gut microbiota features and metabolic markers in postmenopausal 
women with obesity. Nutr. Diabetes 5:e159. doi: 10.1038/nutd.2015.9

Brigitta, K., Wieland, S., Marcus, S., Andreas, R., Olaf, R., and Monika, K. 
(2005). Microbial and immunological responses relative to high-altitude 
exposure in mountaineers. Med. Sci. Sports Exerc. 37, 1313–1318. doi: 
10.1249/01.mss.0000174888.22930.e0

Bryant, M. P. (2015). “Succinivibrio,” in Bergey's Manual of Systematics of Archaea 
and Bacteria. ed. M. P. Bryant (New Jersy, USA: John Wiley & Sons, Inc.), 
1–3.

Canfora, E. E., Jocken, J. W., and Blaak, E. E. (2015). Short-chain fatty acids 
in control of body weight and insulin sensitivity. Nat. Rev. Endocrinol. 11, 
577–591. doi: 10.1038/nrendo.2015.128

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., 
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput 
community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303

Chen, J., Zhang, S., Feng, X., Wu, Z., and Mock, B. A. (2020). Conventional 
co-housing modulates murine gut microbiota and hematopoietic gene 
expression. Int. J. Mol. Sci. 21:6143. doi: 10.3390/ijms21239314

Chiu, C.-M., Huang, W.-C., Weng, S.-L., Tseng, H.-C., Liang, C., Wang, W.-C., 
et al. (2014). Systematic analysis of the association between gut flora and 
obesity through high-throughput sequencing and bioinformatics approaches. 
Biomed. Res. Int. 2014:906168. doi: 10.1155/2014/906168

Clarke, K. R., and Ainsworth, M. (1993). A method of linking multivariate 
community structure to environmental variables. Mar. Ecol. Prog. 92, 
205–219. doi: 10.3354/meps092205

Cooper, A., Singh, S., Hook, S., Tyndall, J. D., and Vernall, A. J. (2017). 
Chemical tools for studying lipid-binding class AG protein–coupled receptors. 
Pharmacol. Rev. 69, 316–353. doi: 10.1124/pr.116.013243

Desantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K., 
et al. (2006). Greengenes, a chimera-checked 16S rRNA gene database and 
workbench compatible with ARB. Appl. Environ. Microbiol. 72, 5069–5072. 
doi: 10.1128/AEM.03006-05

Duncan, S. H., Hold, G. L., Barcenilla, A., Stewart, C. S., and Flint, H. J. 
(2002). Roseburia intestinalis sp. nov., a novel saccharolytic, butyrate-producing 
bacterium from human faeces. Int. J. Syst. Evol. Microbiol. 52, 1615–1620. 
doi: 10.1099/00207713-52-5-1615

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy 
and high throughput. Nucleic Acids Res. 32, 1792–1797. doi: 10.1093/nar/
gkh340

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial 
amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604

Edgar, R. C., Haas, B. J., Clemente, J. C., Christopher, Q., and Rob, K. (2011). 
UCHIME improves sensitivity and speed of chimera detection. Bioinformatics 
27, 2194–2220. doi: 10.1093/bioinformatics/btr381

Forslund, K., Hildebrand, F., Nielsen, T., Falony, G., Le Chatelier, E., Sunagawa, S., 
et al. (2015). Disentangling type 2 diabetes and metformin treatment signatures 
in the human gut microbiota. Nature 528, 262–266. doi: 10.1038/ 
nature15766

Ge, R. L., Cai, Q., Shen, Y. Y., San, A., Ma, L., Zhang, Y., et al. (2013). Draft 
genome sequence of the Tibetan antelope. Nat. Commun. 4:1858. doi: 10.1038/
ncomms2860

Ge, R. L., Simonson, T. S., Cooksey, R. C., Tanna, U., Qin, G., Huff, C. D., 
et al. (2012). Metabolic insight into mechanisms of high-altitude adaptation 
in Tibetans. Mol. Genet. Metab. 106, 244–247. doi: 10.1016/j.ymgme.2012.03.003

Gilbertkawai, E. T., Milledge, J. S., Grocott, M. P., and Martin, D. S. (2014). 
King of the mountains: Tibetan and Sherpa physiological adaptations for 
life at high altitude. Physiology 29, 388–402. doi: 10.1152/physiol.00018.2014

Gomez-Arango, L. F., Barrett, H. L., Wilkinson, S. A., Callaway, L. K., 
McIntyre, H. D., Morrison, M., et al. (2018). Low dietary fiber intake 
increases Collinsella abundance in the gut microbiota of overweight and 
obese pregnant women. Gut Microbes 9, 189–201. doi: 10.1080/19490976. 
2017.1406584

Grice, E. A., and Segre, J. A. (2012). The human microbiome: our second 
genome*. Annu. Rev. Genomics Hum. Genet. 13, 151–170. doi: 10.1146/
annurev-genom-090711-163814

Haas, B. J., Gevers, D., Earl, A. M., Feldgarden, M., Ward, D. V., Giannoukos, G., 
et al. (2011). Chimeric 16S rRNA sequence formation and detection in 
Sanger and 454-pyrosequenced PCR amplicons. Genome Res. 21, 494–504. 
doi: 10.1101/gr.112730.110

Hamer, H. M., Jonkers, D., Venema, K., Vanhoutvin, S., Troost, F. J., and 
Brummer, R. J. (2008). Review article: the role of butyrate on colonic 
function. Aliment. Pharmacol. Ther. 27, 104–119. doi: 10.1111/j. 
1365-2036.2007.03562.x

Han, H., Yan, H., and King, K. Y. (2021). Broad-spectrum antibiotics deplete 
bone marrow regulatory T cells. Cell 10:277. doi: 10.3390/cells10020277

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2021.615416/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.615416/full#supplementary-material
https://doi.org/10.1093/molbev/msy094
https://doi.org/10.1007/s12223-013-0241-y
https://doi.org/10.1007/s12223-013-0241-y
https://doi.org/10.1093/bioinformatics/btv287
https://doi.org/10.1126/science.1104816
https://doi.org/10.3389/fmicb.2018.02321
https://doi.org/10.1093/icb/icj004
https://doi.org/10.1073/pnas.0701985104
https://doi.org/10.1038/nmeth.2276
https://doi.org/10.1038/nutd.2015.9
https://doi.org/10.1249/01.mss.0000174888.22930.e0
https://doi.org/10.1038/nrendo.2015.128
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.3390/ijms21239314
https://doi.org/10.1155/2014/906168
https://doi.org/10.3354/meps092205
https://doi.org/10.1124/pr.116.013243
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1099/00207713-52-5-1615
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1038/nature15766
https://doi.org/10.1038/nature15766
https://doi.org/10.1038/ncomms2860
https://doi.org/10.1038/ncomms2860
https://doi.org/10.1016/j.ymgme.2012.03.003
https://doi.org/10.1152/physiol.00018.2014
https://doi.org/10.1080/19490976.2017.1406584
https://doi.org/10.1080/19490976.2017.1406584
https://doi.org/10.1146/annurev-genom-090711-163814
https://doi.org/10.1146/annurev-genom-090711-163814
https://doi.org/10.1101/gr.112730.110
https://doi.org/10.1111/j.1365-2036.2007.03562.x
https://doi.org/10.1111/j.1365-2036.2007.03562.x
https://doi.org/10.3390/cells10020277


Ma et al. Intestinal Microbiota in Tibetans and Han

Frontiers in Microbiology | www.frontiersin.org 12 June 2021 | Volume 12 | Article 615416

Holden, J. E., Stone, C. K., Clark, C. M., Brown, W. D., Nickles, R. J., Stanley, C., 
et al. (1995). Enhanced cardiac metabolism of plasma glucose in high-
altitude natives: adaptation against chronic hypoxia. J. Appl. Physiol. 79, 
222–228. doi: 10.1152/jappl.1995.79.1.222

Holmstrøm, K., Collins, M. D., Møller, T., Falsen, E., and Lawson, P. A. (2004). 
Subdoligranulum variabile gen. nov., sp. nov. from human feces. Anaerobe 
10, 197–203. doi: 10.1016/j.anaerobe.2004.01.004

Jianguo, Z., Haifeng, Z., and Zhaonian, Z. (2002). Reserved higher vagal tone 
under acute hypoxia in Tibetan adolescents with long-term migration to 
sea level. Jpn. J. Physiol. 52, 51–56. doi: 10.2170/jjphysiol.52.51

Josefsdottir, K. S., Baldridge, M. T., Kadmon, C. S., and King, K. Y. (2017). 
Antibiotics impair murine hematopoiesis by depleting the intestinal microbiota. 
Blood 129, 729–739. doi: 10.1182/blood-2016-03-708594

Kang, L., Zeng, D., Gesang, L., Hong, W., Zhou, Y., Du, Y., et al. (2016). 
Comparative analysis of gut microbiota of native Tibetan and Han populations 
living at different altitudes. PLoS One 11:e0155863. doi: 10.1371/journal.
pone.0155863

Kayser, B., and Verges, S. (2013). Hypoxia, energy balance and obesity: from 
pathophysiological mechanisms to new treatment strategies. Obesity Rev. 
14, 579–592. doi: 10.1111/obr.12034

Konopka, A. (2009). What is microbial community ecology? ISME J. 3, 
1223–1230. doi: 10.1038/ismej.2009.88

Lan, D., Ji, W., Lin, B., Chen, Y., Huang, C., Xiong, X., et al. (2017). Correlations 
between gut microbiota community structures of Tibetans and geography. 
Sci. Rep. 7:16982. doi: 10.1038/s41598-017-17194-4

Ley, R. E., Turnbaugh, P. J., Samuel, K., and Gordon, J. I. (2006). Microbial 
ecology: human gut microbes associated with obesity. Nature 444, 1022–1023. 
doi: 10.1038/4441022a

Li, H., Li, T., Beasley, D. A. E., Heděnec, P., Xiao, Z., Zhang, S., et al. (2016). 
Diet diversity is associated with beta but not alpha diversity of pika gut 
microbiota. Front. Microbiol. 7:1169. doi: 10.3389/fmicb.2016.01169

Li, H., Li, T., Li, X., Wang, G. H., Lin, Q., and Qu, J. (2018). Gut microbiota 
in Tibetan herdsmen reflects the degree of urbanization. Front. Microbiol. 
9:1745. doi: 10.3389/fmicb.2018.01745

Li, L., and Zhao, X. (2015). Comparative analyses of fecal microbiota in Tibetan 
and Chinese Han living at low or high altitude by barcoded 454 pyrosequencing. 
Sci. Rep. 5:14682. doi: 10.1038/srep18610

Lorenzo, F. R., Huff, C., Myllymäki, M., Olenchock, B., Swierczek, S., Tashi, T., 
et al. (2014). A genetic mechanism for Tibetan high-altitude adaptation. 
Nat. Genet. 46, 951–956. doi: 10.1038/ng.3067

Lucking, E. F., O’Connor, K. M., Strain, C. R., Fouhy, F., Bastiaanssen, T. F. S., 
Burns, D. P., et al. (2018). Chronic intermittent hypoxia disrupts 
cardiorespiratory homeostasis and gut microbiota composition in adult male 
guinea-pigs. EBioMedicine 38, 191–205. doi: 10.1016/j.ebiom.2018.11.010

Magoč, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short 
reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 
10.1093/bioinformatics/btr507

McGregor, L., Morazain, R., and Renaud, S. (1980). A comparison of the 
effects of dietary short and long chain saturated fatty acids on platelet 
functions, platelet phospholipids, and blood coagulation in rats. Lab. Investig. 
43, 438–442.

Meyer, M., Aldenderfer, M., Wang, Z., Hoffmann, D., Dahl, J., Degering, D., 
et al. (2017). Permanent human occupation of the central Tibetan Plateau 
in the early Holocene. Science 355, 64–67. doi: 10.1126/science.aag0357

Million, M., Maraninchi, M., Henry, M., Armougom, F., Richet, H., Carrieri, P., 
et al. (2012). Obesity-associated gut microbiota is enriched in Lactobacillus 
reuteri and depleted in Bifidobacterium animalis and Methanobrevibacter 
smithii. Int. J. Obes. 36, 817–825. doi: 10.1038/ijo.2011.153

Moore, L. G., Niermeyer, S., and Zamudio, S. (2010). Human adaptation to 
high altitude: regional and life-cycle perspectives. Am. J. Phys. Anthropol. 
107, 25–64. doi: 10.1002/(sici)1096-8644(1998)107:27+<25::aid-ajpa3>3.0.co;2-l

Murray, A. J. (2009). Metabolic adaptation of skeletal muscle to high altitude 
hypoxia: how new technologies could resolve the controversies. Genome 
Med. 1:117. doi: 10.1186/gm117

Muza, S. R., Beidleman, B. A., and Fulco, C. S. (2010). Altitude preexposure 
recommendations for inducing acclimatization. High Alt. Med. Biol. 11, 87–92. 
doi: 10.1089/ham.2010.1006

Qian-Qian, P., Zhuoma, B., Chao-Ying, C., Lei, L., Ji, Q., Quzhen, G., et al. 
(2013). Physiological responses and evaluation of effects of BMI, smoking 

and drinking in high altitude acclimatization: a cohort study in Chinese 
Han young males. PLoS One 8:e79346. doi: 10.1371/journal.pone.0079346

Qin, J., Li, Y., Cai, Z., Li, S., Zhu, J., Zhang, F., et al. (2012). A metagenome-
wide association study of gut microbiota in type 2 diabetes. Nature 490, 
55–60. doi: 10.1038/nature11450

Quagliariello, A., Paola, M., Fanti, S. D., Gnecchi-Ruscone, G. A., and Filippo, C. D. 
(2019). Gut microbiota composition in Himalayan and Andean populations 
and its relationship with diet, lifestyle and adaptation to the high-altitude 
environment. J. Anthropol. Sci. 96, 189–208. doi: 10.4436/JASS.97007

Roach, R. C., Hackett, P. H., Oelz, O., Bärtsch, P., Luks, A. M., Macinnis, M. J., 
et al. (2018). The 2018 Lake Louise acute mountain sickness score. High 
Alt. Med. Biol. 19, 4–6. doi: 10.1089/ham.2017.0164

Rocke, A., Paterson, G., Barber, M., Jackson, A., Main, S., Stannett, C., et al. 
(2018). Thromboelastometry and platelet function during acclimatization to 
high altitude. Thromb. Haemost. 118, 63–71. doi: 10.1160/TH17-02-0138

Ruth, E. L., Fredrik, B. C., Peter, T., Catherine, A. L., Robin, D. K., and 
Jeffrey, I. G. (2005). Obesity alters gut microbial ecology. Proc. Natl. Acad. 
Sci. U. S. A. 102, 11070–11075. doi: 10.1073/pnas.0504978102

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., 
et al. (2011). Metagenomic biomarker discovery and explanation. Genome 
Biol. 12:R60. doi: 10.1186/gb-2011-12-6-r60

Shang, C., Wuren, T., Ga, Q., Bai, Z., Guo, L., Eustes, A. S., et al. (2019). The 
human platelet transcriptome and proteome is altered and pro-thrombotic 
functional responses are increased during prolonged hypoxia exposure at 
high altitude. Platelets 31, 33–42. doi: 10.1080/09537104.2019.1572876

Sheik, C. S., Mitchell, T. W., Rizvi, F. Z., Rehman, Y., Faisal, M., Hasnain, S., 
et al. (2012). Exposure of soil microbial communities to chromium and 
arsenic alters their diversity and structure. PLoS One 7:e40059. doi: 10.1371/
journal.pone.0040059

Simonson, T., Yang, Y., Huff, C., Yun, H., Qin, G., Witherspoon, D., et al. 
(2010). Genetic evidence for high-altitude adaptation in Tibet. Science 329, 
72–75. doi: 10.1126/science.1189406

Sohail, M. U., Yassine, H. M., Sohail, A., and Thani, A. (2019). Impact of physical 
exercise on gut microbiome, inflammation, and the pathobiology of metabolic 
disorders. Rev. Diabet. Stud. 15, 35–48. doi: 10.1900/RDS.2019.15.35

Staffas, A., and Brink, M. (2019). The intestinal flora is required for post-transplant 
hematopoiesis in recipients of a hematopoietic stem cell transplantation. Bone 
Marrow Transplant. 54, 756–758. doi: 10.1038/s41409-019-0612-3

Staffas, A., da Silva, M. B., Slingerland, A. E., Lazrak, A., Bare, C. J., Holman, C. D., 
et al. (2018). Nutritional support from the intestinal microbiota improves 
hematopoietic reconstitution after bone marrow transplantation in mice. 
Cell Host Microbe 23, 447–457. doi: 10.1016/j.chom.2018.03.002

Storz, J. F. (2021). High-altitude adaptation: mechanistic insights from integrated 
genomics and physiology. Mol. Biol. Evol. 1–15. doi: 10.1093/molbev/msab064 
[Epub ahead of print].

Tan, J., Reddy, E., Murphy, D., Keely, S., and O’Neill, S. (2012). “Bile acids 
differentially impact on platelet activation.” in BMC Proceedings. Vol. 6. November 
4–5, 2011; Dublin, Ireland (Springer).

Tan, K. (2004). Appropriate body-mass index for Asian populations and its 
implications for policy and intervention strategies.” Lancet 363, 157–163. 
doi: 10.1016/S0140-6736(03)15268-3

Tianyi, W. U., and Kayser, B. (2006). High altitude adaptation in Tibetans. 
High Alt. Med. Biol. 7, 193–208. doi: 10.1089/ham.2006.7.193

Ticinesi, A., Milani, C., Guerra, A., Allegri, F., Lauretani, F., Nouvenne, A., 
et al. (2018). Understanding the gut–kidney axis in nephrolithiasis: an analysis 
of the gut microbiota composition and functionality of stone formers. Gut 
67, 2097–2106. doi: 10.1136/gutjnl-2017-315734

Tremaroli, V., and Bäckhed, F. (2012). Functional interactions between the gut 
microbiota and host metabolism. Nature 489, 242–249. doi: 10.1038/nature11552

Trompette, A., Gollwitzer, E. S., Yadava, K., Sichelstiel, A. K., Sprenger, N., 
Ngom-Bru, C., et al. (2014). Gut microbiota metabolism of dietary fiber 
influences allergic airway disease and hematopoiesis. Nat. Med. 20, 159–166. 
doi: 10.1038/nm.3444

Turnbaugh, P. J., Backhed, F., Fulton, L., and Gordon, J. I. (2008). Diet-induced 
obesity is linked to marked but reversible alterations in the mouse distal 
gut microbiome. Cell Host Microbe 3, 213–223. doi: 10.1016/j.chom.2008.02.015

Turnbaugh, P. J., Ley, R. E., Mahowald, M. A., Magrini, V., Mardis, E. R., and 
Gordon, J. I. (2006). An obesity-associated gut microbiome with increased 
capacity for energy harvest. Nature 444, 1027–1031. doi: 10.1038/nature05414

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1152/jappl.1995.79.1.222
https://doi.org/10.1016/j.anaerobe.2004.01.004
https://doi.org/10.2170/jjphysiol.52.51
https://doi.org/10.1182/blood-2016-03-708594
https://doi.org/10.1371/journal.pone.0155863
https://doi.org/10.1371/journal.pone.0155863
https://doi.org/10.1111/obr.12034
https://doi.org/10.1038/ismej.2009.88
https://doi.org/10.1038/s41598-017-17194-4
https://doi.org/10.1038/4441022a
https://doi.org/10.3389/fmicb.2016.01169
https://doi.org/10.3389/fmicb.2018.01745
https://doi.org/10.1038/srep18610
https://doi.org/10.1038/ng.3067
https://doi.org/10.1016/j.ebiom.2018.11.010
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1126/science.aag0357
https://doi.org/10.1038/ijo.2011.153
https://doi.org/10.1002/(sici)1096-8644(1998)107:27+<25::aid-ajpa3>3.0.co;2-l
https://doi.org/10.1186/gm117
https://doi.org/10.1089/ham.2010.1006
https://doi.org/10.1371/journal.pone.0079346
https://doi.org/10.1038/nature11450
https://doi.org/10.4436/JASS.97007
https://doi.org/10.1089/ham.2017.0164
https://doi.org/10.1160/TH17-02-0138
https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1080/09537104.2019.1572876
https://doi.org/10.1371/journal.pone.0040059
https://doi.org/10.1371/journal.pone.0040059
https://doi.org/10.1126/science.1189406
https://doi.org/10.1900/RDS.2019.15.35
https://doi.org/10.1038/s41409-019-0612-3
https://doi.org/10.1016/j.chom.2018.03.002
https://doi.org/10.1093/molbev/msab064
https://doi.org/10.1016/S0140-6736(03)15268-3
https://doi.org/10.1089/ham.2006.7.193
https://doi.org/10.1136/gutjnl-2017-315734
https://doi.org/10.1038/nature11552
https://doi.org/10.1038/nm.3444
https://doi.org/10.1016/j.chom.2008.02.015
https://doi.org/10.1038/nature05414


Ma et al. Intestinal Microbiota in Tibetans and Han

Frontiers in Microbiology | www.frontiersin.org 13 June 2021 | Volume 12 | Article 615416

Wan, Y., Wang, F., Yuan, J., Li, J., Jiang, D., Zhang, J., et al. (2019). Effects 
of dietary fat on gut microbiota and faecal metabolites, and their relationship 
with cardiometabolic risk factors: a 6-month randomised controlled-feeding 
trial. Gut 68, 1417–1429. doi: 10.1136/gutjnl-2018-317609

Wang, K., Liao, M., Zhou, N., Bao, L., Ma, K., Zheng, Z., et al. (2019). 
Parabacteroides distasonis alleviates obesity and metabolic dysfunctions via 
production of succinate and secondary bile acids. Cell Rep. 26, 222.e5–235. e5.  
doi: 10.1016/j.celrep.2018.12.028

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian 
classifier for rapid assignment of rRNA sequences into the new bacterial 
taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/AEM. 
00062-07

West, J. B., Schoene, R. B., Luks, A. M., and Milledge, J. S. (2012). High 
Altitude Medicine and Physiology. Boca Raton: CRC Press.

White, J. R., Nagarajan, N., and Pop, M. (2009). Statistical methods for detecting 
differentially abundant features in clinical metagenomic samples. PLoS Comput. 
Biol. 5:e1000352. doi: 10.1371/journal.pcbi.1000352

Winglee, K., Howard, A. G., Sha, W., Gharaibeh, R. Z., Liu, J., Jin, D., et al. 
(2017). Recent urbanization in China is correlated with a Westernized 
microbiome encoding increased virulence and antibiotic resistance genes. 
Microbiome 5:121. doi: 10.1186/s40168-017-0338-7

Yang, Y., Zha-Xi, D. J., Mao, W., Zhi, G., Feng, B., and Chen, Y. D. (2018). 
Comparison of echocardiographic parameters between healthy highlanders 
in Tibet and lowlanders in Beijing. High Alt. Med. Biol. 19, 259–264. doi: 
10.1089/ham.2017.0094

Zhang, Q., Gou, W., Wang, X., Zhang, Y., Ma, J., Zhang, H., et al. (2016a). 
Genome resequencing identifies unique adaptations of Tibetan chickens to 

hypoxia and high-dose ultraviolet radiation in high-altitude environments. 
Genome Biol. Evol. 8, 765–776. doi: 10.1093/gbe/evw032

Zhang, W., Jiao, L., Liu, R., Zhang, Y., Ji, Q., Zhang, H., et al. (2019). The 
effect of exposure to high altitude and low oxygen on intestinal microbial 
communities in mice. PLoS One 13:e0203701. doi: 10.1371/journal.pone.0203701

Zhang, Z., Xu, D., Li, W., Hao, J., Wang, J., Xin, Z., et al. (2016b). Convergent 
evolution of rumen microbiomes in high-altitude mammals. Curr. Biol. 26, 
1873–1879. doi: 10.1016/j.cub.2016.05.012

Zhao, P., Xu, X., Chen, F., Guo, X., Zheng, X., Liu, L., et al. (2018). The third 
atmospheric scientific experiment for understanding the earth–atmosphere 
coupled system over the Tibetan Plateau and its effects. Bull. Am. Meteorol. 
Soc. 99, 757–776. doi: 10.1175/BAMS-D-16-0050.1

Zhao, Q., Ding, Y., Wang, J., Gao, H., Zhang, S., Zhao, C., et al. (2019). 
Projecting climate change impacts on hydrological processes on the Tibetan 
Plateau with model calibration against the glacier inventory data and observed 
streamflow. J. Hydrol. 573, 60–81. doi: 10.1016/j.jhydrol.2019.03.043

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Copyright © 2021 Ma, Ga, Ge and Ma. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner(s) are credited and that the original publication 
in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1136/gutjnl-2018-317609
https://doi.org/10.1016/j.celrep.2018.12.028
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1371/journal.pcbi.1000352
https://doi.org/10.1186/s40168-017-0338-7
https://doi.org/10.1089/ham.2017.0094
https://doi.org/10.1093/gbe/evw032
https://doi.org/10.1371/journal.pone.0203701
https://doi.org/10.1016/j.cub.2016.05.012
https://doi.org/10.1175/BAMS-D-16-0050.1
https://doi.org/10.1016/j.jhydrol.2019.03.043
http://creativecommons.org/licenses/by/4.0/

	Correlations Between Intestinal Microbial Community and Hematological Profile in Native Tibetans and Han Immigrants
	Introduction
	Materials and Methods
	Ethics Statement
	Subjects
	Blood Sample Collection and Analysis
	Fecal Sample Collection
	Fecal Microbiome Analysis
	DNA Extraction
	16S rRNA Gene Sequencing and Data Analysis
	Data Analysis

	Results
	Sample Characteristics
	HiSeq Sequencing
	Taxonomic Analysis
	α-Diversity Analysis
	β-Diversity Analysis
	Differences in Fecal Microbiota of Native Tibetans and Han Immigrants
	Correlations Between Fecal Microbiota and Age, BMI, SpO 2 , RBC, Hb, HCT, and PLT
	Functional Profiles of Fecal Microbiota in Native Tibetans and Han Immigrants

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material

	References

