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Modern genome analyses have identified unique genetic
variations of indigenous people in terms of human adap-
tation to the low-oxygen condition in high plateaus [1]. On
the other hand, other key aspects such as diet have been
an important consideration for human adaptation to such
high-plateau environments [2]. In ancient times, in-
digenous nomads often lack vegetables and fruits because
of geographic limitations causing difficulties in trading
agricultural products with low-altitude people, for

example, Tea-Horse Road was an important but time-
consuming trade path in the past for Tibetans to obtain
the dark tea from low-altitude tea manufacturers.
Through long-term dietary self-selection, dark tea be-
comes an essential part of nomadic diets in high plateaus
and low-altitude steppe areas (Figure 1A). Of note, con-
sumption of fermented milk products is a tradition for
thousands of years in nomadic diets (Figure 1A). Both tea
and fermented milk are widely recognized to contain

Yina Huang and Jinxin Liu contributed equally to this study.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. iMeta published by John Wiley & Sons Australia, Ltd on behalf of iMeta Science.

iMeta. 2022;1:€6.
https://doi.org/10.1002/imt2.6

wileyonlinelibrary.com/journal/imt2 1of6


https://orcid.org/0000-0003-3473-075X
mailto:Qinglong.Wu@bcm.edu
mailto:mfwang@szu.edu.cn
https://wileyonlinelibrary.com/journal/imt2
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fimt2.6&domain=pdf&date_stamp=2022-02-24

2 | wiLev-iMeta

(A) 60

Latitude (North)
EN )
o o
1 L

w
o
|

20

®) 42

PCo2 (5.84%)

o o
o N

| I

— T
—  emC
—
— e
—

1

©

N
|

-0.4-

Ethnicity c
© Tibetan
© Mongolian
© Kazakh

COMMENTARY

© Danes

I
0.00

© Han Chinese
USA (HMP)
Germans

PCo1 (9.52%)

(D)

Shannon
index
N B O
o O o N B
L1 1 | |
-1

jjJ_J_

o
|

Relative abundance
of Prevotella copri (%)

N
(4]

0 “
-

Typical nomadic diets
(low intake of vegetables & fruits)

Tibetan

barley products

butter tea

milk products (fermented)
milk products (non-fermented)
yak meat

Mogolian

millet products

milk tea

milk products (fermented)
milk products (non-fermented)
sheep/cow meat

3 Kazakh

2 wheat products

= milk tea

5 milk products (fermented)

milk products (non-fermented)
sheep/horse meat

Balanced diet ?

Enterotype 1 Enterotype 2 Enterotype 3

Family rank

. Prevotellaceae
. Bacteroidaceae

. Ruminococcaceae

. Lachnospiraceae

Clostridiales Family
Incertae Sedis

Clostridiaceae
Rikenellaceae

. Eubacteridiaceae
Bifidobacteriaceae

. Oscillospiraceae

. Firmicutes Family
Incertae Sedis

[ I [ [ I [
Ethnicity o (0] [ ) (0] (o]

Total samples 109 172 15 214 278 111

Tibet Yunnan

Enterotype
distribution

FIGURE 1 (See caption on next page)

329 119

Average relative abundance (%)
3
|

. Veillonellaceae

Tannerellaceae

Unclassified
Proteobacteria

. Selenomonadaceae

1 Others

0.4+

o
N
1

PCo2 (7.37%)
o
P
1

-0.2

Day
@ 0 (winter)
A 2 (spring)

ANOSIM test
R =-0.0084
P=0.935

Enterotype
alteration
24% subjects

T T
-0.2 0.0

T
0.2 0.4

PCo1 (13.60%)

85U80|7 SUOWILIOD BAEa.D 3|qeol(dde au Aq peulenob afe sejone O ‘8sn Jo sejnl Joj Ariq1TauluO 431 UO (SUOIPUOD-PUe-SLLIBY/WIOY B 1M Ae1q 1 Ul UO//SANY) SUONIPUOD Pue Swie 1 8y} 885 *[202/90/70] Uo AriqiTauljuo A8|IM ‘Puel] ‘©AINKSX3 80IARRS Ul eaH AQ 9'Z1W1/Z00T 0T/I0p/W0 A8 | IMAleIq Ul |Uo//:Sdny Wouy pepeojumod ‘T ‘2202 ‘X9650LL2



COMMENTARY

functional ingredients to confer health-promoting benefits
to humans, but further confirmation in nomadic popula-
tions is merited.

Even after the advancement of transportation and
food globalization, modern high-altitude minorities
usually maintain their nomadic dietary habits. From
the standpoint of modern nutrition, nomadic diet is a
minimally processed diet with low contents of vege-
tables and fruits and should not be regarded as a ba-
lanced diet, but it is quite distinct from the Western
diet, a modern diet that contains high amounts of
processed and prepackaged foods, red meat, and high-
fat and high-sugar foods. Prior efforts have demon-
strated the importance of host-diet-gut microbiota
interactions in human health for a low-altitude po-
pulation with the Western diet. Thus, there is a need
to dissect the interaction between nomadic diet and
gut microbiota of high-plateau minorities, and gut
microbiota research might shed new light on human
adaption to the high-plateau environment linking to
nomadic diet.

We performed a meta-analysis of more than 1000
previously published shotgun metagenomes of adult peo-
ple from nomadic regions of Tibetan and Mongolian
Plateaus and Kazakh Steppe, and low-altitude people from
Europe, the United States, and China. To minimize the
batch effect across different data sets, we did not perform
assembly-based metagenomic analysis that requires high
sequencing depths, rather we applied marker gene-based
operational taxonomic units (mOTUs; version 2.6) that use
10 universal single-copy marker genes for taxonomic
profiling with high precision and low error [3]. Compared
to the low-altitude population, people from nomadic
regions have distinct gut microbiota composition
(Figure 1B), which is largely dominated by Prevotella
(Figure 1C). While it is well known that industrial diet is
responsible for the formation of Bacteroides enterotype in
people receiving Western diet, it is surprising that many
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people commonly harbor Prevotella enterotype in-
dependent of nomadic regions (Figure 1C,D), which could
be induced by high intake of cereal products in their
diets [4]. More interestingly, enterotype analysis indicated
that Tibetans from Yunnan (PRINAS588513) having a
higher intake of diverse vegetables and fruits are different
from Tibetans from Tibet (PRINA543906) with traditional
nomadic diet (Figure 1D). This suggests that dietary al-
teration could shift gut enterotype significantly. There
have been several important studies demonstrating Pre-
votella is associated with exacerbation of autoimmune
diseases, such as rheumatoid arthritis [5-8]. It is highly
speculative that the high prevalence of rheumatoid ar-
thritis [9,10] in the Tibetan population could be associated
with their common gut Prevotella enterotype, thus further
studies are required to validate such causation and to
investigate whether the dietary intervention could be a
potential strategy to effectively prevent the occurrence of
rheumatoid arthritis. Of note, tea [11] and fermented
milk [12] have been shown to lower host systematic in-
flammation though they could have limited alterations to
gut microbiota composition. It is quite interesting to see
the frequent consumption of tea and fermented milk in
Tibetan, Mongolian, and Kazakh populations (Figure 1A),
but linking such dietary habits to reduced inflammation is
questionable and requires a systematic design of diet in-
tervention to confirm it. Interestingly, we observed a sig-
nificantly (p < 0.05; Wilcoxon test) higher alpha-diversity
in people with Prevotella enterotype in nomadic regions
than that in low-altitude people of the same enterotype
(Figure 1D). While it is not clear whether such higher
microbial diversity could be helpful against Prevotella-
associated inflammation, it is likely to play a role in host
health since the loss of microbial diversity is associated
with several human conditions [13]. In addition, as shown
in Figure 1E, we found that gut enterotype was largely
unaltered during the seasonal shift in one Kazakh data set
(PRJEB17632) because nomadic dietary habits could be

FIGURE 1 Gut Prevotella enterotype of high microbial diversity in people of nomadic regions. (A) Geographic location and dietary

patterns of major nomadic regions. (B) High-plateau people have a distinct gut microbiota profile compared to low-altitude major ethnic

groups. Beta-diversity analysis was performed with Bray—Curtis dissimilarity profile for mOTUs-based profiles for over 1000 publicly
available shotgun metagenomes (NCBI Sequence Read Archive database), including PRJEB4336 (healthy Danes, n = 278), healthy
Han Chinese (PRJEB6337, n = 145; PRINA422434, n = 172), PRIEB17632 (Kazakh, n = 172; healthy Germans, n = 111), PRINA48479
(HMP, n =119), PRINA328899 (Mongolian, n = 109), and Tibetan (PRINA543906—Tibet, n = 27; PRINA588513—Yunnan, n = 214).
Lowercase (a)-(f) in the boxplot with no letters in common indicates a significant difference (p < 0.05; pairwise Wilcoxon test with

Benjamini-Hochberg adjustment) between any two groups. (C) Dirichlet multinomial mixtures (DMM)-based enterotyping of human

metagenomic profiles (mOTUs genus-level abundance profile) identifies three distinct gut enterotypes. (D) Microbial diversity (Shannon

index), Prevotella copri abundance and enterotype distribution of each ethnic group. Pairwise Wilcoxon test was performed for comparing

any two groups indicated in the plot. (E) Gut Prevotella enterotype is relatively stable in one Kazakh data set during seasonal shift. ANOSIM

test using Bray-Curtis distance profile indicates no significant microbiome shift during longitudinal measurements. ANOSIM, analysis of

similarities; mOTUs, marker gene-based operational taxonomic units; NCBI, National Center for Biotechnology Information
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commonly excised by modern Kazakh. This is a quite
different observation from a prior report on seasonal var-
iations in gut microbiota composition in the Hadza
hunter-gatherers of Tanzania [14]. Taken together, a dis-
tinct gut Prevotella enterotype of high microbial diversity is
highly prevalent in people from nomadic regions.

Our preliminary evidence from population-scale gut
microbiota meta-analysis is encouraging, but future
research efforts are necessary to understand human
adaptation to nomadic diet with insights into
host-diet-gut microbiota interactions. Most likely,
long-term high cereal consumption could explain the
dominance of Prevotella enterotype in people of nomadic
regions where carbohydrate-based diet is more afford-
able in addition to its sufficient energy and bio-
functionalities [4,15]. For example, highland barley is
rich in beta-glucan and its high molecular weight form
has been clinically shown to reduce blood cholesterol
levels via the enhanced bile acids synthesis in the liver
and the increased fecal excretion of secondary bile acids
[16]. Low levels of blood cholesterol inhibit the forma-
tion of plaques in the blood vessels, which indirectly
favors the control of blood pressure that is the top risk
factor driving the most death and disability in nomadic
regions, thus the high intake of barely products in the
Tibetan population seems to be beneficial for host
health. However, whether a Prevotella enterotype of high
microbial diversity is responsible for the increased bio-
transformation of secondary bile acids is of great interest
but remains largely unknown. Additionally, a high-fat diet
has been shown to reduce Prevotella abundance [15,17];
we noticed this conflicting observation typically in Pre-
votella-dominated Tibetan because they consume Yak
butter tea and barely-based food on a daily basis. Butter
tea is an emulsified beverage through physical processing,
so it is not clear whether fat absorption is prohibited by
emulsification or by tea ingredients, that is, tea poly-
phenols and their derivatives. Importantly, Prevotella en-
terotype is associated with the host genotype of
rheumatoid arthritis before disease onset [6,7], enhances
disease susceptibility, and exacerbates disease severity of
rheumatoid arthritis and colonic inflammation [5,8].
Because rheumatoid arthritis is the second highly pre-
valent (8%) chronic disease in Tibet [10], it becomes
important to understand how the host responds to
proinflammatory Prevotella enterotype in the gut and what
components in nomadic diet could reverse such in-
flammation status. For example, tea ingredients have been
documented as anti-inflammatory agents, whereas a re-
cent human dietary intervention study for low-altitude
individuals of Bacteroides enterotype reported that

consumption of fermented foods increased gut microbial
diversity and decreased inflammatory markers [12], but
whether such health-promoting benefits could be re-
capitulated in individuals of Prevotella enterotype remains
to be elucidated. Overall, nomadic diet is likely associated
with Prevotella expansion and is associated with several
major chronic diseases in people of nomadic regions but
requires further systematic assessment on host-diet-gut
microbiota interactions.

It is necessary to understand the pros and cons of
traditional nomadic diets in terms of host health before
establishing new nutritional guidelines for people of
nomadic regions. Despite technical and analytic ad-
vancements of gut microbiota research for the past dec-
ade, there have been several challenges in conducting gut
microbiota research for high-plateau populations. Thus,
we highlight those challenges and discuss corresponding
strategies to tackle them.

First, infrastructure advancement and food globaliza-
tion have significant impacts on the accessibility of food
resources, including fresh vegetables and fruits, which
ultimately change gut microbiota composition as evi-
denced by two Tibetan data sets (Yunnan and Tibet;
Figure 1D) that we included in our meta-analysis. At the
current stage, higher food accessibility shifts their dietary
pattern thus limiting the eligibility and the size of subjects
maintaining traditional nomadic diets to be recruited for
gut microbiota research, especially if disease prevalence
and pathogenesis are the major focus of host-diet-gut
microbiota association study. To avoid the effects of non-
nomadic foods, longitudinal, randomized cross-over diet
intervention with nomadic and nonnomadic foods could
be considered, but the duration of each intervention
should be carefully considered. If necessary, a cross-over
trial could be repeated immediately after the first trial to
gain more insights and might be useful to assess the sta-
bility of gut microbiota and the effect of seasonal cycling.

Second, the size of nomadic regions, including
Tibetan and Mongolian Plateaus and Kazakh Steppe, is
over 10 million square meters, and traditional nomads
remain unsettled making gut microbiota research ex-
tremely difficult; that is, clinical visits, follow-up, and
longitudinal sampling are of major concerns. Appro-
priate stool shipping is another concern because pre-
serving microbial composition and bioactivity is
important for further DNA/RNA extraction, sequen-
cing, and microbial isolation. A virtual clinical visit
could be highly helpful because telecommunications are
now largely covered for high plateaus, thus this ap-
proach seems to be useful for people with a nomadic
lifestyle. To tackle the sampling challenge, there could
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be two potential solutions to include stool collection
during: (1) large disease screenings. For example,
screening of hydatidosis, a major zoonosis of parasitic
infection in Tibet, has been performed for more
than three million Tibetan people from 2016 to 2017
and (2) national health service surveys. Those surveys
of high administrative level are held regularly and
are suitable for such purpose, but require study per-
mission and detailed administrative coordination. Those
governmental mission-orientated screenings and sur-
veys are highly recommended because additional clin-
ical metadata could be collected for disease-microbiota
associations with consideration of geographic influence,
human development (particularly children and elderly),
gender difference, dietary information, and so forth. For
example, the prevalence of rheumatoid arthritis is more
common in the elderly compared with the younger
population in Tibet, thus requiring an age-stratified
analysis.

Finally, gut microbiota profiling and bacterial isola-
tion are big challenges. Because targeted (16S ribosomal
RNA [rRNA] and Internal Transcribed Spacer [ITS])
metagenomic analysis is not appropriate for precision
compositional and functional profiling, a shotgun meta-
genomic analysis should be considered for such profiling.
However, there is a large proportion of uncultured bac-
teria, including Clostridiales Family Incertae Sedis and
Firmicutes Family Incertae Sedis, in the high-plateau
population. Since gut microbiota composition of the
high-plateau population is very unique compared to low-
altitude people, the computational effort is required
to construct MAGs from shotgun metagenomes of the
high-plateau population. However, MAGs are consensus
sequences constructed from the phylogenetic closely re-
lated strains or species of high identity and the genome
completion of MAGs is usually not comparable to single
genomes of cultivable microbes thus limiting further
strain-level and genome-scale characterization. Future
studies also need to focus on the isolation of gut com-
mensal microbes from high-plateau people, and preser-
ving live gut anaerobic microbes during sample
collection and shipping is essential for such a task. Since
metabolic reconstruction for MAGs could potentially
predict the essential nutrients for microbial growth, the
computational effort might help the design of a culture
medium for targeted isolation.

Taken together, high-plateau people have an iden-
tical gut microbiota of Prevotella enterotype, and such
proinflammatory enterotype is generally thought to be
associated with nomadic diet patterns. Several char-
acteristic food ingredients, including tea and fer-
mented foods, in nomadic diet, have been shown to be
helpful to tackle Prevotella-centered chronic diseases
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but require a further comprehensive assessment of
host-diet-gut microbiota interactions. However, gut
microbiota research for people of high-plateau regions
needs to consider several unneglectable challenges,
and such effort is to advance current nutritional
guidelines and dietary interventions for promoting
their health status.
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